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Abstract
This Senior Project Report document outlines the senior design project for Girl Scouts of
California’s Central Coast (GSCCC) led by a team of four Mechanical Engineering students at
California Polytechnic State University, San Luis Obispo. The project encompasses the
researching, designing, prototyping, and testing of a LEGO robotic arm for the Girl Scouts to
learn more about STEM (Science, Technology, Engineering, and Mathematics) and provide
support to each Girl Scouts cookie sales in their stores. Their goal was to build a LEGO robotic
arm that will interact with customers at the Girl Scout stores and promote the girl scouts' interest
in STEM. Therefore, the Mechanical Engineering group was tasked with creating a robotic arm
with an interactive feature. Initial sponsor meetings and requirements along with product,
customer, and technical research helped the team establish the project specifications. The team
constructed a robotic arm that recreates realistic arm movements to execute the Girl Scout honor
hand sign through with the use of interactive activation features, as well as safety features. Upon
gathering results from initial testing, changes were made to the code and design in order to meet
our sponsors' expectations. The final tests were carried out to ensure all specifications were met.
Final suggestions for improving the design and testing were made based on the final test results
and are presented within this report.

Introduction
Girl Scouts of California’s Central Coast (GSCCC) is a youth organization that “builds girl’s
courage, confidence, and character.” GSCCC introduced a project challenge of designing a Lego
Girl Scout Robot to the Computer Programming Engineering, Mechanical Engineering, and
Industrial Manufacturing Engineering disciplines at California Polytechnic State University, San
Luis Obispo. The challenge was to design a robot that would interact with customers at the Girl
Scout stores and involve the Girl Scouts in the design process to promote STEM. The
Mechanical Engineering team was tasked with fabricating the moving robot arm that would be
able to make the Girl Scout sign – raising three fingers of the right hand with the thumb holding
down the pinky. The arm is the interactive feature on the robot to interest customers and Girl
Scouts.
The following report encompasses four of the team's biggest milestones throughout the building
of the robotic arm. The four independent reports mentioned below were combined, in order, to
assemble the team's final senior project report.
1. Scope of Work (SOW) - consists of the customer, technical, and existing product
research.
2. Preliminary Design Review (PDR) - overview of the team’s concept generation and
selection process.
3. Critical Design Review (CDR) - highlights the process of developing the team's verified
prototype of the robotic arm design, which was constructed and tested to verify that it met
the required specifications.
4. Final Design Review (FDR) – consists of the test results analyzed to make
recommendations for further improvements to the final arm design.
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Abstract
The Girl Scouts of California’s Central Coast (GSCCC) needs a LEGO robotic Girl Scout model
for Girl Scouts to learn more about STEM (Science, Technology, Engineering, and Mathematics)
and provide support to each Girl Scouts cookie sales in their stores. Girl Scouts will be able to
schedule time with the robot within the Girl Scout stores to help promote their cookie sales. The
Girl Scouts will also be involved in the designing and manufacturing of the arm to pique their
interest in the STEM industry. The GSCCC lost a significant amount of cookie sales from
COVID restrictions, therefore has challenged various disciplines at Cal Poly SLO to design a
robot that will interact with customers at the Girl Scout stores. Additionally, the various
disciplines will include the Girl Scouts in the design process to promote their interests in STEM.
This Mechanical Engineering Group is tasked with creating a robotic arm with an interactive
feature. The group aims to create a robot arm that can recreate realistic arm movements to
execute the Girl Scout honor hand sign through an interactive activation feature. To produce the
robotic arm, the group surveyed customers on their needs and conducted research on competitive
products and technical documents relevant to the project scope. This document captures the
summary of the groups research and engineering specifications defined by GSCCC. The
document will serve as the scope of work for the senior project on the Lego Girl Scout Robot.
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1. Introduction
Girl Scouts of California’s Central Coast (GSCCC) is a youth organization that “builds girl’s
courage, confidence, and character.” GSCCC introduced a project challenge of designing a Lego
Girl Scout Robot to the Computer Programming Engineering, Mechanical Engineering, and
Industrial Manufacturing Engineering disciplines at California Polytechnic State University, San
Luis Obispo. The challenge is to design a robot that will interact with customers at the Girl Scout
stores and involve the Girl Scouts in the design process to introduce them to various STEM
career paths. The Mechanical Engineering team is tasked with fabricating the moving robot arm
that will be able to make the Girl Scout sign – raising three fingers of the right hand with the
thumb holding down the pinky. The arm will be an interactive feature on the robot to interest
customers and Girl Scouts.
The Mechanical Engineering team includes Chris Suzuki, Bryson Shores, Karina Sandoval, and
Emi Okuyama, who are all seniors studying mechanical engineering at Cal Poly. Chris Suzuki
excels in innovating design solutions and is pursuing his interest in the humanoid robotics
industry. Emi Okuyama enjoys exercising her skills in design and problem solving to help create
or improve products for consumers. Emi hopes to pursue a career in the manufacturing industry
after graduation. Bryson Shores loves tackling complex problems through use of analysis tools
and critical thinking. He enjoys learning about design psychology and hopes to pursue a career in
manufacturing or HVAC system design. Karina Sandoval has great experience applying the
engineering design process and enjoys system designing for real-world problems. Karina aspires
to join the biomedical or aerospace field once she graduates.
This document will serve as the scope of work that will outline the background research about
the projects stakeholders, similar products, and technical challenges as well as the project scope,
the project objectives, and the project management that will provide detail about how the project
will progress.

2. Background
During the first few weeks of the project, the Mechanical Engineering team conducted user and
product research to gain a better understanding of the needs and wants of the interactive robotic
arm. The stakeholders for this project are the customers, Girl Scouts, and the sponsors. The
sections below explain what the team learned from a sponsor interview and conducted research
on competitive products and technical documents relevant to the project scope.

2.1 Sponsor Interview
On October 5th, 2021, the mechanical engineering team met with the sponsor representative of
GSCCC, Lindsey Hatlee, to conduct an interview and clarify details regarding the Interactive
LEGO Girl Scout arm project. Through the interview, the team learned they would be working
closely with the Industrial Manufacturing Engineering team and the Computer Engineering team
to ensure all the components worked well together at the end of the year. The Mechanical
1

Engineering team would create a mechatronic design that included a realistic motion for the arm
that created the Girl Scout hand signal when interacting with customers. Additionally, the Girl
Scout LEGO robot would be kept indoors, near the front of the store. Although the body itself is
stationary, the robotic arm would be the only moving component with an activation method of
their choice.

2.2 User Survey
To get feedback on what features people have seen and would like to see on an interactive
robotic arm, a survey was sent out to some Cal Poly students. A list of questions asked in the
survey can be found in Appendix A.1. The survey received a total of 44 responses from students
of ages 18 through 31, and with varied STEM experience. Although the survey was sent to a
wide audience of Cal Poly students, rather than a particular subpopulation of users, the
demographics of said students can be found in Appendix A.2. Eight of the 44 students answered
that they had previously interacted with a robotic arm, rating the maneuverability, speed,
strength, and compact design as the best features. The rest of the thirty-six students who had
never seen an interactive robot in person before shared what features they would like to see on an
interactive robotic arm. Table 1 below shows the features that the students recommended for the
interactive robotic arm. Based on these suggestions, the Mechanical engineering team has a
better understanding of the features the users would like to see on the interactive robotic arm.
The survey helped to reinforce the team's design direction. Their next step is to speak with their
sponsor to narrow down which features will be included on the robotic arm.
Table 1. User Survey Suggestions
Category
User Suggestions
Greeting

Shaking hands, Waving, Hand signals, High
five, Fist bump

Aesthetics

Robot arm rather than human arm,
Friendly/welcoming

Task Handling

Gripping, Lifting, Throwing, Pressing

Reactiveness to Environment

Button for interactor to push, Responsive to
applied forces

Mobility

Smooth movements, Movement in multiple
directions

2.3 Existing Products and Patent Research
To understand key design features of the problem, background research on existing products was
conducted to compare and identify aspects that can be used for the solution. These products were
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then benchmarked and rated on a scale 1 (poor) to 5 (excellent) to be compared against a list of
features that the project sponsor seeks in the design solution. In Appendix C, Table C.1 compares
other existing store interactive robots while Table C.2 compares different robotic arm designs.
The benchmarking conducted in Table C.1 allowed us to find similar designs and products
existing in the market. As seen in Appendix B, Pepper the Robot produced by Softbank was
overall the highest unweighted score as its complex design provided many of the interactive
features and detailed movement that follows the specifications from the project sponsor. Pepper
the Robot is a programmable semi-humanoid robot that recognizes human faces and emotions
and interacts with guests within numerous stores in Asia, Europe, and the United States. Pepper’s
face recognition and intricate finger manipulation were found to be the most promising features
for the design solution.

Figure 1. Pepper the Robot [7]
Further research was done on patents and products shown in Table C.2 in Appendix C and Table
2 below that highlights the different robotic and prosthetic arm/hand designs. While exploring
3

the different designs, key attributes of each are listed in the tables. The focus was placed on
mobility, degrees of freedom in movement and the different approaches to designing finger
actuation.
Table 2. Patent Search Related to Robotic/Prosthetic Hand
Patent Name
Patent Number
Key Properties
Multi-grasp prosthetic hand

US10219919B2

•
•

Different grasp types
Multi DOF fingers

Prosthetic hand system

US20200330246A1

•

Angled Thumb actuation

Arm Prosthetic Device

US20170151071A1

•
•

Battery powered
Shoulder, elbow and wrist
movement
Thumb movement is very
limited

•

Lastly, Table 3 compares the different hand tracking systems that have been patented. This was
part of the research as the sponsor suggested implementing this technology as an activation
feature for the design.
Table 3. Patent on Robotic Control System Using Hand Tracking
Patent Name
Patent Number
Key Properties
US20200113641A1
Method and system for hand
Hand Tracking
tracking in a robotics system
communication system
US9372546B2
Hand pointing estimation for
Hand pointing gesture
human computer interaction
recognition and tracking
Part of the research was a patent search using Google Patent Search. It is important to note that
not all recent designs have been processed to the patent stage. That being said, the Mechanical
Engineering team plans to iterate different designs to produce the best solution that can be
chosen from the different prototypes and that solution.

2.4 Analysis and Modeling of the Dynamic System
To accurately predict the motion of the robotic arm and the associated forces, it is important that
an accurate simulation of the arm movement is created. To do this, the Mechanical Engineering
team plans on adapting the Euler Lagragian method [1], since it is what they are most familiar
with for analysis and dynamic system modeling in MATLAB. The Euler Lagragian method
relates mass and angular kinetic energies, with the potential energy of each link in the robotic
arm, resulting in equations for the state variables, inputs, and outputs that describe the motion of
the articulated robot. To monitor the movement of the arm, the groups robotic arm will require a
control system consisting of a sensor and an actuator. The engineering team will need to
4

incorporate the current and voltage of the motors into the equations as an input. This will be done
by relating the voltage and current with desired angular position of each link in the robotic arm.
A past Cal Poly SLO senior project [2] took this model a step further, by adding a foot to the
positional model of their two-link robotic leg. This group of students was tasked with creating a
MATLAB simulation of a quadrupedal robot to be used for search and rescue purposes. Using
the same method discussed previously combined with Newtonian kinetics and inverse
kinematics, the group was able to create a model describing the motion of the legs and feet of the
robot as if it were walking. Unlike the previous mentioned article, this senior project group
incorporated inverse kinematics which allowed for them to input a desired position and
orientation of the foot, and the controller and motors will then apply the torques necessary to
reach this desired position. Since the mechanical engineering team plans on programming one
repeating movement and not a multitude of different desired positions, it will be easier to neglect
inverse kinematics; however, if the group decides to increase functionality of the arm, they may
investigate mirroring this proposed open loop controller.

2.5 Manufacturing Robot Arm

Figure 2. Robotic Fingerspelling Hand Senior Project Image [3]
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A critical milestone for this project is to fabricate a working prototype to display to the sponsors
and to the Mechanical Engineering department at Cal Poly. To accomplish creating a prototype,
the Mechanical Engineering team must learn the basics of electrical engineering, manufacturing
engineering, computer science, and materials engineering. In 2012, a senior project team at Cal
Poly took on the challenge of creating a robotic fingerspelling hand for deaf-blind
communication, as shown in Figure 2, where they explored various tools and devices that would
aid in manufacturing their working prototype [4]. This team mainly utilized the 3D printers at
Cal Poly to accomplish fabricating various joints and other components they needed for their
robotic hand. They also explored various actuation devices and microcontroller that would work
best for their project. Overall, the choices made in this senior project is good foundational
research for the project. The components this team used for their motorized hand can be
referenced for the robotic hand as the functions of the hand are very similar.
Similarly, the Mechanical Engineering team for this project must brainstorm components that
will actuate the robot arm. The team is researching various actuation methods that are manual or
autonomous and will require different parts to accomplish either method. Autonomous methods
like color sensors, infrared sensors, and image sensors [5] are popular amongst robotics
enthusiasts to allow the robot to see its surroundings. Manual methods that require more
interaction with the customer is beneficial in allowing customers to be engaged with the robot.
Overall, it is crucial to do research on the necessary hardware for this project and to expand the
team’s knowledge in different disciplines to accomplish the project goals.

2.6 Failure Analysis
Since the group is working with multiple other disciplines (i.e., IME and CPE) it is vital to the
functionality and safety of the project that the team coordinates the interactions of each teams’
products. Since the CPE team oversees most of the programming it is important that the arm and
face (which will be an iPad interface) work in conjunction seamlessly. The ME team plans on
communicating with the other teams on the project via GroupMe but will set up in person
meeting to coordinate design direction once the final prototype design phase has begun.
Regarding safety, all teams involved will need to come together and map out the consequences
of different areas of the model failing to operate correctly. The technique the team will propose
to the other groups working on the project is referred to as Failure Modes and Effects Analysis
(FMEA). This approach, “aims at evaluating the effects of potential failure modes of components
or functions and eliminating these potential risks in the system design” [6]. The procedure
defined for FMEA consists of constructing a model or diagram and identifying all potential
failures that can be foreseen. Next, the severity of each possible failure must be assessed,
typically using the terms, “catastrophic,” “critical,” and “minor.” The groups working on this
project will then choose failure detection methods and corrective actions to eliminate, or manage,
the failure. Lastly, the effects of these corrective actions on the system must be analyzed. This
process should result in an organized diagram highlighting the potential issues of interactions
between each group's product.
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2.7 Summary
Overall, the background research provided valuable information for primary developing phase of
the robotics arm. Through the sponsor interview and user survey, the mechanical engineering
team gained a clear insight of the needs and wants for the interactive robotic arm. Inspecting the
competitive product market found a variety of unique arm and hand designs. Pepper the robot
stood out the most as its arm and hand function produced the most realistic motions. Further
research found that the team will develop differential equations of motion during the preliminary
analysis phase by the Euler Lagragian method described above. Additionally, to build the robotic
arm, various components of the arm and hand must be researched to best accomplish the needs
of the sponsor. The Robotic Fingerspelling Hand senior project would be a good reference point
for the components needed for the hand. Finally, during design development, the ME team will
coordinate with other groups working on the project to identify areas of communication between
parts and foreseeable failures to create a fully functional and safe design.

3. Project Scope
Girl Scouts is a youth organization with the mission of teaching young girls that they can become
anything they set their mind and dedication to. When the COVID-19 cases began to increase and
the country announced a stay-at-home mandate order, the organization began to fear the effects
the mandate would have on their cookie sales. Funding for the Girl Scouts revolves around their
cookie sales, allowing them to, “experience life-changing programs and learn essential skills.”
The Girl Scouts need a LEGO Girl Scout model with a robotic arm that Girl Scouts will schedule
time with to interact with customers to enhance their cookie sale experience, while promoting
STEM to the young girls.

3.1 Boundary Sketch
The boundary sketch gives a visual representation of the different systems and subsystems that
make up the robotic arm being designed and how they relate to one another. As shown in Figure
3, the dashed line represents the boundary around the moving arm and the plug that is plugged
into the outlet. The sketch shows that the robot will be inside the Girl Scout Store, near the front
for the customers and girl scouts to interact with it. Additionally, the robotic arm is seen to be
lifting their hand to form the Girl Scout hand signal when interacting with the customers.
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Figure 3. Boundary Sketch of the Interactive LEGO Girl Scout Robotic Arm
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3.2 Needs and Wants Table
Table 4. Needs and Wants for the Interactive LEGO Girl Scout Robotic Arm.
Needs
Wants
Arm Length: 1.5-2 feet
Geometry: Life size
Energy: Standard 120V outlet plug in
Material: LEGO ABS Plastic Outer shell,
inside has no restrictions
Motion: Smooth and safe motion
Motion: Hand to make the Girl Scout hand
signal
Ergonomics: Indoor within a store
Assembly: Simple enough for a girl scout to
build it
Table 4 above shows a list of the wants and needs for the Interactive LEGO Girl Scout robotic
arm. The list was constructed based off the project proposal the team was provided and through
the meetings held with Mrs. Hatlee. The interactive robotic arm must be suitable for a life size
robot, therefore have a length of 1.5 to 2 feet. The requirements listed under “Needs” are
essential and will be incorporated for the final deliverable. The specifications listed under
“Wants” are not critical for fabricating a working robotic arm, however, they will be completed
for the final product.

3.3 Functional Decomposition

Figure 4. Functional Decomposition of the Interactive LEGO Girl Scout Robotic Arm.
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Figure 4 shows the functional decomposition of the Interactive LEGO Girl Scout robotic arm. A
functional decomposition diagram serves to draw the layout of all the general tasks and subtasks
of a design project. The diagram shows the dividing of all the robotic arm’s functions into three
levels. As shown above, the basic function of the robotic arm is to interact with the consumers.
The diagram then divides into five categories, listing the important functions that must be
completed to interact with the consumers. Additionally, each function has sub-functions to
describe how the task will be completed.

3.4 Planned Deliverables
Table 5, as shown below, are the key deliverables that will be submitted to the sponsor
throughout each quarter. The overall design process will be completed in a time span of one
academic year, separated into Fall, Winter, and Spring Quarter. CAD models, CAD drawings,
prototypes, and design/data analysis will be completed throughout each quarter as well.
Table 5: Planned Deliverables to Sponsor.
Due Dates
Key Deliverables
10/20/2021
Scope of Work (SOW)
11/18/2021
Preliminary Design Review (PDR)
01/13/2022
Interim Design Review
02/11/2022
Critical Design Review (CDR)
03/10/2022
Manufacturing and Test Review
04/26/2022
Working Prototype
05/27/2022
EXPO
06/03/2022
Final Design Review (FDR)

4. Objectives
Since the start of COVID, many businesses have seen a decline in sales and have been searching
for alternative ways to increase consumption of their products. The Girl Scouts of California’s
Central Coast (GSCCC) need an interactive LEGO robotic arm to enhance their cookie sale
experience, while encouraging young girl scouts to learn about STEM.
To accurately create what the GSCCC have envisioned for their LEGO model, the engineering
team created a House of Quality (Appendix D) highlighting the interactions between the GSCCC
requirements and desires, with engineering specifications (tests to see how well the engineering
team meets the GSCCC wants and needs), and preexisting products. The goal of this process is to
develop a Design Verification Plan which will be used to test the final product. The House of
Quality in Appendix D will be used to highlight the importance of certain features, identify
critical engineering specifications, and benchmark competing designs indicating areas where we
can gain a competitive advantage.
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Table 6: Engineering Specifications Table
Spec.
Specification Description
Requirement or Tolerance Risk* Compliance**
#
Target (units)
1
Weight
< 15 lb
+/- 5 lb
M
T
2
Pinch Force
< 5 lb
+/- 1 lb
M
T
3
Total Cost
< Budget
N/A
M
A
4
Customer Survey
Pass
N/A
L
I
5
User Survey
Pass
N/A
L
I
6
FEA Simulation
No Failure
N/A
M
A
(1.5 F.O.S.)
7
Length Dimensions
1.5-2 ft
+/- 0.25ft
L
A, I
8
Response Time
< 10 ms
+/- 5ms
H
A
9
Plug into Outlet
Pass/Fail
N/A
L
I
10
Independent Assembly Time
< 3 hrs
+/- 1hr
H
T
11
Girl Scout Hand Sign D.O.F.
1 < D.O.F <= 5
N/A
H
A
12
Arm D.O.F.
1 < D.O.F <= 3
N/A
M
A
* Risk of meeting specification: (H) High, (M) Medium, (L) Low
** Compliance Methods: (A) Analysis, (I) Inspection, (S) Similar to Existing, (T) Test
Table 6 above is a specifications table derived from the QFD (Appendix D) mentioned above.
For this table, risk is defined as the difficulty to meet the associated design specification. The
risk factors assigned to each specification are as follows: (H) High, (M) Medium, and (L) Low.
For risk factors deemed “high” the engineering team plans on increasing the specification’s
weight when the team creates their decision matrix which is used to decide upon a final design
direction. The “Compliance” column describes the procedure the team will take to determine if
the design meets the associated specification. The methods to be used are as follows: (A)
Analysis, (I) Inspection, (S) Similar to Existing, (T) Test. For clarity, the specifications will be
defined in the list below:
Weight – The weight of the arm and hand combined
Pinch Force – The squeezing force between moving parts
Total Cost – The cost of all parts needed to build the robotic arm
Customer Survey – A post preliminary design survey that measures how well the team
accomplished their goals
User Survey - A post preliminary design survey that measures how well the team met sponsor
requirements
FEA Simulation – A computer-based simulation that analyzes the stress along each part of the
arm
Length Dimensions – The length of the arm fully extended
Response Time – The time necessary for the arm to reach its desired final position
Plug into Outlet – Test to ensure that the engineering team’s arm can be powered by a standard
120V outlet
Independent Assembly Time – The time necessary for an individual to build the arm
Girl Scout Hand Sign D.O.F. (Degree of Freedom) – The number of independently moving parts
needed to create the girl scout sign with the robotic hand
11

Arm D.O.F. (Degree of Freedom) – The number of independently moving parts needed to move
the robotic arm to its desired position

5. Project Management
5.1 Design Process
The overall design process began with understanding the sponsors problems and
needs/expectations from the result of the project. From there research was conducted based on
the specification that came from a common understanding between the project team and the
sponsor. As seen from the research conducted above, the engineering team will utilize concepts
and design features from patents and existing products to ideate concept models for the final
design. We hope to visit and talk to Legoland Master builders for inspiration and technical
advice on how to approach a Lego encased robotic arm. Finally, a design matrix will be created
to find the top ideas produced during brainstorming which will be pursued and produced as
conceptual prototypes. These prototypes will then be benchmarked against the same specification
as the existing products did to see if they meet the sponsor’s needs. A preliminary design review
will be conducted on these prototypes and will be presented to the sponsor. Then the team will
progress forward with these major tasks in the timeline outlined below.
Table 7. Deliverables Timeline
Key Deliverables
Due Date
Conceptual Models

10/26/2021

Conceptual Prototypes

11/09/2021

Preliminary Design Review

11/16/2021

Build Structural Prototype

01/25/2022

Critical Design Review

02/08/2022

Manufacturing

03/10/2022

Assembly

04/07/2022

Working Prototype

04/26/2022

Testing

04/28/2022

Final Design Review

05/24/2022

5.2 Gantt Chart
Table 7 above is organized graphically using a Gantt Chart produced through TeamGantt in
Appendix E. The Gantt chart helps organize what deliverables are completed and need to be
started to proceed to the next.
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6. Conclusion
This document outlines the scope of work for the proposed project of a moving robot arm that
will be able to make the Girl Scout sign – raising three fingers of the right hand with the thumb
holding down the pinky. The scope of work is an agreement between the project team and the
sponsor about the project scope and presents the engineering teams initial research, project
scope, project objectives, and project management. The team requests the sponsor’s consensus
on the content of this scope of work to move forward with this project. The next major project
deliverable will be the Preliminary Design Review (PDR) that will be completed on November
18th, 2021. The PDR will document the team’s design direction and justification for that decision
with appropriate evidence.
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APPENDIX
A. User Survey
A.1 User Survey Questions
1. Gender
2. Age
3. How would you rate your STEM knowledge?
4. Have you ever seen an interactive robot before in person?
5. If you replied yes to the previous question:
a. How would you describe your experience?
b. What were the best features of the interactive robot’s arm?
c. If you could add a feature to the interactive robotic arm, what would it be?
6. If you replied no to the previous question:
a. How would you react towards an interactive robot?
b. What features would you like to see on an interactive robotic arm?

A.2 User Survey Demographics
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B. Picture of Products

Figure 5. Halloween Animatronic [20]
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Figure 6. Legoland Animatronic [21]

C. Existing Product Benchmark
C.1 Guest/Customer Interactive Robots
Products

Interactive
Activation
Feature

Robot hand
can form
girl scout
sign

Durable
to a
high
five

3
D.O.F
in the
arm

Powered
by 120V
outlet

Life
Size

Pepper the
Robot (1)

5

5

4

5

1

5

Weight
of Arm
does not
exceed
20lbs
4

Halloween
4
1
2
3
5
5
5
Animatronic
(2)
Legoland
4
1
5
1
3
4
2
Animatronic
(3)
(1) https://www.softbankrobotics.com/emea/en/pepper
(2) https://www.halloweenexpress.com/decorations-props/halloween-animatronics/
(3) https://www.sallydarkrides.com/animatronic/the-tut-tones

C.2 Robotic Arm Designs
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Safety
features
to
protect
Users
4

Assembly
Time

5

3

5

5

1

Products

Interactive Robot
Activation hand can
Feature
form girl
scout
sign
5
5

Durable 3
to a high D.O.F
five
in the
arm

Powered Life Weight
by 120V Size of Arm
outlet
does not
exceed
20lbs
4
5
5

Safety
features
to
protect
Users
5

Assembly
Time

3D Print
5
4
1
Prosthetic
Arm
(Washington
University)
(1)
Simple 3D
5
1
1
5
3
2
5
3
4
Print Arm
(2)
Arduino
5
4
2
2
5
3
5
4
3
Robotic
Hand (3)
(1) https://openscholarship.wustl.edu/cgi/viewcontent.cgi?article=1090&context=mems411
(2) https://hackaday.com/2020/02/09/simple-3d-printed-robotic-arm-uses-compliant-mechanism/
(3) https://create.arduino.cc/projecthub/nuts-and-bolts/animatronic-hand-26d4f7
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D.QFD

Figure 7. Full QFD
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Figure 8. How vs. What Section
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Figure 9. Now vs What Section
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E. Gantt Chart

Figure 10. Gantt chart created with TeamGantt Pt.1
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Figure 11. Gantt chart created with TeamGantt Pt.2
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Abstract
The Girl Scouts of California’s Central Coast (GSCCC) needs a LEGO robotic Girl Scout model
for Girl Scouts to learn more about STEM and provide support to each Girl Scouts cookie sales
in their stores. Girl Scouts will be able to schedule time with the robot within the Girl Scout
stores to help promote their cookie sales. The Girl Scouts will also be involved in the designing
and manufacturing of the arm to pique their interest in the STEM industry. The GSCCC lost a
significant amount of cookie sales from COVID restrictions, therefore has challenged various
disciplines at California Polytechnic State University, San Luis Obispo to design a robot that will
interact with customers at the Girl Scout stores. Additionally, the various disciplines will include
the Girl Scouts in the design process to promote their interests in STEM. The Mechanical
Engineering group is tasked with creating a robotic arm with an interactive feature. The group
aims to create a robot arm that can recreate realistic arm movements to execute the Girl Scout
honor hand sign through an interactive activation feature. To produce the robotic arm, the group
ideated different ideas for each function and refined the list to the top ideas. Using a variety of
refining methods, the top combination of ideas for each function were grouped into a concept
design which was then finalized to a final concept design using a weighted design matrix. The
final concept design demonstrates the sponsors needs and engineering specifications. This
concept was then modeled and produced to provide as a proof of concept for the arms functions.
The project timeline contains all major milestones to be met over the remainder of the project
leading to the Critical Design Review (CDR). The document will serve as the preliminary design
review report for the senior project on the Lego Girl Scout Robot.
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1.0 Introduction
Girl Scouts of California’s Central Coast (GSCCC) is a youth organization that “builds girl’s
courage, confidence, and character.” GSCCC introduced a project challenge of designing a Lego
Girl Scout Robot to the Computer Programming Engineering, Mechanical Engineering, and
Industrial Manufacturing Engineering disciplines at California Polytechnic State University, San
Luis Obispo. The challenge is to design a robot that will interact with customers at the Girl Scout
stores and involve the Girl Scouts in the design process to promote STEM. The Mechanical
Engineering team is tasked with fabricating the moving robot arm that will be able to make the
Girl Scout sign – raising three fingers of the right hand with the thumb holding down the pinky.
The arm will be an interactive feature on the robot to interest customers and Girl Scouts.
The Mechanical Engineering team includes Chris Suzuki, Bryson Shores, Karina Sandoval, and
Emi Okuyama, who are all seniors studying mechanical engineering at Cal Poly. Chris Suzuki
excels in innovating design solutions and is pursuing his interest in the humanoid robotics
industry. Emi Okuyama enjoys exercising her skills in design and problem solving to help create
or improve products for consumers. Emi hopes to pursue a career in the manufacturing industry
after graduation. Bryson Shores loves tackling complex problems through use of analysis tools
and critical thinking. He enjoys learning about design psychology and hopes to pursue a career in
manufacturing or HVAC system design. Karina Sandoval has great experience applying the
engineering design process and enjoys system designing for real-world problems. Karina aspires
to join the biomedical or aerospace field once she graduates.
Since the SOW, the project scope and objectives have remained the same. Additionally, this
document will serve as the preliminary design review that will outline the concept development,
design, and justification in addition to project management that will provide detail about how the
project will progress.

2.0 Concept Development
In order to develop the final design of the interactive LEGO girl scout arm, the Mechanical
Engineering team used the sponsor’s needs and wants to brainstorm numerous ideas that would
meet all the necessary functions. The team created a functional decomposition, built ideation
models, and developed Pugh and weighted matrices with associated analysis for idea refinement.

2.1 Functional Decomposition
Table 1 below shows the functional decomposition of the Interactive LEGO Girl Scout robotic
arm. A functional decomposition diagram serves to draw the layout of all the general tasks and
subtasks of a design project. The decomposition shows the dividing of all the robotic arm’s
functions into three levels. Table 1, as shown below, shows the basic function of the robotic arm
is to interact with the consumers. The diagram then divides into five categories, listing the
important functions that must be completed to interact with the consumers. Additionally, each
function has sub-functions to describe how the task will be completed.
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Table 1. Functional Decomposition of the Interactive LEGO Girl Scout Robotic Arm.

2.2 Concept Development and Ideation Models
Along with brainstorming, the Mechanical Engineering team used various techniques such as
brainwriting, brain walking, and brain dumping to generate as many ideas as possible for the
robotic arm. Using these techniques allowed the team to come up with several creative solution
ideas without the worry of analyzing each designing detail or its feasibility. Appendix A.1 shows
the function tree of the ideas generated for each of the robotics arm’s main functions.
Using the function tree ideas, each team member built four to five ideation models. Ideation
models are simple physical models of key aspects of one’s design alternatives. With the use of
cardboard, foamboard, white sheets of paper, and string, the team explored new ideas and refined
their existing ideas for the robotic arm. Creating simple concept models allowed the team to
visualize and test the ideas they had in mind for the interactive robotic arm.

2.3 Pugh and Weighted Decision Matrices
To determine the final concept design direction, Pugh matrices were used for each function to
weigh the function’s ideas against one another. Additionally, a weighted matrix was used to
compare each full concept against one another, by evaluating how well they aligned with the
QFD specifications.
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2.3.1 Pugh Matrices
Pugh matrices are used to apply a set of criteria to compare different ideas for a specific function.
A total of four Pugh matrices were employed for the arm, hand, activation, and safety functions.
One of the potential ideas was used as a datum to which every other idea was compared. The
values of +, -, or S were assigned to every idea for every other criterion, based on whether the
idea was better than, worse than, or the same as the datum in meeting the criteria. The amount of
+, -, and S are then summed up to determine how well the ideas match the criteria with respect to
the datum. If the score was positive, it signified that the idea met the criteria better than the
datum. If the score was negative, it signified the idea did not meet the criteria as well as the
datum. Finally, a score of zero signified that the idea and datum met the criteria at the same
level.
Each of the four Pugh Matrices are shown in Appendix A.2. The best ideas from each Pugh
Matrix were then placed in a Weighted Decision Matrix.
2.3.2 Weighted Decision Matrices
After reviewing the Pugh Matrices for each function and choosing the top ideas for each
function, several combinations of the ideas from each function were created. In order to find the
top four system-level concepts for the interactive robotic arm, a weighted decision matrix was
used.
Appendix A.3 shows the weighted decision matrix, which compares the eight full system
concept designs against one another using the specifications and weighting scale from the QFD.
For each engineering specification, the concept was ranked on a scale from 1 to 5, with 5
meaning a perfect score. Then, the concept ranking was multiplied with the respective
specification weight, which was summed up for each concept to find the total score for the
concept’s ability to be the best model.
Figure 1 shows system design 2, which was ranked the best design, given it had the highest score
compared to all the other concept designs. System design 2 incorporates a complex multi-degree
of freedom arm with a semi-simplified realistic hand to provide the realistic motion of executing
a girl scout honor sign. The activation and safety sensors equipped are interactable and doubled
to provide redundancy in case of any primary sensor failure. This top system design provides a
clearer scope of where the concept design is headed, since it meets the sponsor’s and engineering
specifications the closest.
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Figure 1. System Design 2, ranked as the best design.
Figure 2 shows system design 1, which was ranked the 2nd best design. The design consists of a 3
D.O.F. arm with a 10 D.O.F. hand using hand gesture recognition camera and button as an
activation point. The safety features include a proximity sensor and collision sensor for safety
redundancy.
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Figure 2. System Design 1, ranked as the 2nd best design.
Figure 3 shows system design 3, which was ranked the 3rd best design. The design features a 3
D.O.F. arm where all the joints will be motorized, a 2 D.O.F. LEGO hand, proximity sensor for
safety, and hand gesture recognition along with a button for activation. The limited D.O.F. in the
hand made it more sturdy and decreased stress relative to other designs. However, this design
drastically fell short when it came to hand sign realness.
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Figure 3. System Design 3, ranked as the 3rd best design.
Figure 4 shows system design 4, which was ranked the 4th best design. The design consists of a 2
D.O.F. arm, a static hand, a laser trip for safety, and a button used for activation.
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Figure 4. System Design 4, ranked as the 4th best design.

3.0 Concept Design
After deciding on the concept design to pursue, the team decided to detail the concept design and
produce a model of the most important component of the concept design which is the robotic
arm.

3.1 Concept Design Description
System design 2 is the best design deduced from the design matrix in Table 5 in Appendix
A.3. System design 2 as seen in Figure 5 incorporates a three Degree of Freedom
(D.O.F.) arm where the shoulder is powered by two motors for two degrees of motion, and
the elbow by one motor for the last degree of motion. Additionally, the group chose a four
D.O.F. hand design where the thumb and pinky can actuate with two degrees of freedom each for
each finger link. Another feature of the system design is the activation trigger which was decided
to be a hand tracking sensor for its personalizing interaction experience. The sensor tracks and
recognizes hand gestures made in front of it. In addition to the hand tracking sensor, a button was
added as a redundancy activation feature in case of the hand tracking sensor failure. Lastly,
we chose a proximity and collision sensor for its safety feature as it used widely in
manufacturing industries. The proximity sensor would trip if someone entered the designated
7

restricted area and for redundancy the collision sensor would trip if someone were to hit the
hazard object in motion.

Figure 5. CAD drawing of Concept Prototype

3.2 Concept Design Functions
This design replicates the most realistic movement of the robot arm and is the most
complex amongst our arm functions. The arms degrees of freedom match closely with how a
human arm would move. Two degrees of rotation for the shoulder and one degree for the elbow.
For the hand design the index, middle, and ring finger are to remain in a static
position throughout the activation process, while the pinky and thumb actuate to form the girl
scout honor sign. To trigger the action of the arm the hand gesture recognition feature would
allow a customer to create various hand gestures in front of the robot such as the girl scout honor
sign which would cause the robot to raise the girl scout hand sign. In case of the hand tracking
sensors failure the additional activation button could be used to activate the motion of the arm.
Lastly the safety features once triggered will cause the robot to stop all functions in case any
person gets too close to the robot or holds onto the robot.
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Figure 6. Concept Prototype Produced
The concept prototype seen in Figure 6. was produced using various materials available around
local hardware stores and resources on campus. The four D.O.F. hand was created by finding a
prosthetic hand device that could be 3D printed using PLA by one of the team members 3D
printers [1]. The hand was then scaled to a 7-year old’s hand size and printed. The joints were
then secured using fasteners and nuts of various sizes. A one inch diameter PVC pipe were then
cut into various lengths to simulate each part of the arms segments and linked together using
small door hinges. The pinky and thumb were then roped through the intricate hole design of the
prosthetic hand using fishing string to produce the actuation of the fingers. The dimension of the
overall design is drawn out in Figure 7.

9

Figure 7. Dimensions of the Concept Model
Through the production and use of the concept model there were many drawbacks to the concept.
First, the concept model lacks the any specificity on how the activation and safety feature will
work in junction with the robot arm. This area of the arm was deemed too expensive test during
the modeling phase and was decided to be tested during the Winter Quarter. The 3D printed hand
was found to have many problems with its original design. The printed supports produced residue
and were difficult to cleanly remove causing some minor resistance in the joints. The 3D printed
hand also was not able to overlap the pinky and thumb to create the ideal girl scout hand sign
requiring some modifications to be made to the original design. Although PVC was the arm
material used during the concept prototype the team is unsure yet if that is the final material of the
arm to be used. Lastly the hinges were used to simulate the joints movements in the concept
prototype; however, the type of motor and how the arms segments will come together with the
motors is still undefined. Overall, the undefined parts of the concepts will be tested during the
Winter Quarter and the produced concept prototype accurately represents the motion and sizing of
the robot arm.

4.0 Concept Justification
Although the conceptual model is only a preliminary design, it gives the engineering team a
more thorough understanding of how the intended design will behave, what tests should be run,
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and how well the team meets the criteria for their design. This section will cover how well the
conceptual design meets requirements and specifications, as well as analyze the possible safety
risks.

4.1 Engineering Specifications
Although difficult due to many unknowns, (i.e., weight, length, and size) surrounding the other
teams’ designs, it is important to analyze the concept prototype and predict how well it will meet
the team’s engineering specifications. The following list will provide insight into how the ME
team expects their design to meet the engineering specifications (if possible).
Weight – Cannot accurately predict or determine the weight of the arm with a reasonable degree
of accuracy since the weight is impacted by the IME team's design for the enclosure of the arm.
However, the team will minimize the weight by using a thin hollow tube design for the
mechanical structure of the arm as well as a strong and lightweight material.
Pinch Force – It is difficult to predict how well the team will meet this specification without
knowing the overall weight since the pinch force is a product of the mass of the arm. The team
will work with the IME to minimize the overall weight and is optimistic that the pinch force will
be within the specification range.
Total Cost – It is too early to determine the total cost of the arm as the logistics are not fully
mapped out. The motors will be the most expensive component of the arm; however, the team is
unsure as to whether they want each joint to have a designated motor or one larger motor in the
shoulder.
Customer Survey – The ME team is confident that the 4 D.O.F. hand and 3 D.O.F. arm will
provide an unmatched shopping experience for customers, thus having a high approval rating.
User Survey – The team believes that with detailed instructions, safety guidelines, and predicted
modes of failure, users will be able to build and maintain the LEGO Girl Scout relatively easily.
Therefore, they expect to have a high overall rating of their design from users.
FEA Simulation – The team has not been able to perform FEA simulations on a model of their
design as it will be impossible to accurately measure stress concentrations without the overall
weight of the arm and enclosure; however, since the arm is composed of sections the overall
bending stress will be minimized. The team is operating under the assumption that the maximum
stress values will occur in the joints, specifically in the elbow joint since it will have less support
than the shoulder connected to the body. The team will address this concern by adding extra
support to the elbow.
Length Dimensions – The concept model arm length is two feet long which is at the maximum
value for the length specifications. It is worth noting that the length of the arm is subject to
change as it will be proportional to the size of the overall model which is unknown at this time.
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Response Time – It is not possible to accurately predict the response time of the arm as the
weight is unknown and the motors that will be used have not been selected. The team will
minimize the weight of the arm and look for higher power motors if they feel the arm will
require them. Because the response time is important to the design, the team will make sure to
keep it under 10ms any way possible since it will also dictate how quickly the arm reacts to
outside stimulus impacting safety of the arm.
Plug Into Outlet – The team believes that this will not be an issue since other heavy-duty
machines operate with standard outlets.
Independent Assembly Time – It is difficult to measure how long it will take a single person to
build the arm as the team has not decided on parts and the motors yet, however, they predict that
with thorough instruction and diagrams the girl scouts will be able to piece together the arm in
less than 3 hours since there will not be a high number of components since the arm is only three
pieces and the hand will only require about 10 fasteners.
Girl Scout Hand Sign D.O.F. – The concept design had four D.O.F. in the hand and the team
does not foresee this changing in the final design. Thus, the concept design is within the range of
the specifications for hand sign D.O.F.
Arm D.O.F. – The concept design has three D.O.F. and this will remain in the final design. It has
two in the shoulder to rotate the arm and raise the arm away from the upper body. The last
D.O.F. is the hinge joint in the elbow. This is within the specification range for arm D.O.F.

4.2 Preliminary Analysis
The team was able to perform qualitative tests on the concept prototype, however, due to the
interdisciplinary nature of this project it has been difficult to perform quantitative tests and
analysis, which will be discussed in section 4.3. From the prototype, the team was able to gain a
general idea of the actuation force necessary to move the 3D printed fingers (roughly 10 lbf) into
the Girl Scout hand sign from pulling the string. The team also determined that a stronger wire
will be required for the final design as the 4lb fishing wire snapped when a light amount of force
was applied to the wire. Also, the thumb and pinky in the concept prototype were unable to
overlap, however, they were able to move relatively close to the desired position. The team is
confident that minor altercations to the 3D model will allow full overlap between the thumb and
pinky. Lastly, team performed an accidental drop test on the arm, causing a finger to break off at
one of its joints.
Although the specific force that broke the finger was not attained, it does indicate that the joints
in the fingers will require extra support. Overall, this preliminary analysis provides the team with
confidence that the current design will be able to meet design requirements and engineering
specifications.
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4.3 Unknowns and Uncertainties
As the Lego Girl Scout is an interdisciplinary project, there are many unknowns revolving
around each discipline's designs. There are many aspects of the overall design that are dependent
upon other disciplines. For the arm, the overall size and weight will heavily impact how well the
team's design will meet their engineering specifications for pinch force, FEA simulation, and
response time. All these specifications will be influenced by the IME team’s design of the
enclosure for the arm, as a heavier enclosure will increase the force that the arm exerts when
moving. An increase in weight will also create increased stress in the joints and sections of the
arm. Lastly, a heavier arm will lead to a slower response time since the motors will have to exert
more force to move the arm into its desired position. Although this may sound alarming, the ME
team does not expect to fail in meeting the engineering specifications, as there are numerous
ways to fix these issues. First, the ME team will meet with the IME team in early January, once
each team has a solid foundation for each of their designs, to coordinate and predict the designs
specifications. Once this is done, tests and analysis can be run to predict how heavy the overall
arm will be, as well as the corresponding stresses and forces within a reasonable degree.
Another uncertainty the ME team has is regarding the total cost of the arm. The total cost of the
ME team aspect of the arm will be heavily dependent upon the motors chosen to move the arm
and hand. The team has not decided whether they will decide to implement an individual motor
for each joint or use one larger motor in the shoulder to control the entire arm. This decision will
also be impacted by the overall weight of the arm since that will determine how much power the
chosen motor must create. It is also necessary to note that the budget for the ME team is $500
from Cal Poly SLO for senior projects, and $2000 from LEGO’s grant to the Girl Scouts, split
among the three teams. This means that the ME team's budget will be heavily impacted by the
monetary requirements of the other 2 teams and can limit the ME team's ability to purchase a
motor powerful enough to move the arm within the engineering specifications.

4.4 Hazards and Safety Plans
Since the team's design includes moving parts, there will be numerous hazards that must be
mitigated or fixed to safely operate in an environment where civilians will be interacting with the
device. The ME team predicts that the main hazards will involve the movement of the arm and
the associated force, as well as pinch points around the joints. To minimize risk, the team is
planning to incorporate numerous sensors in their overall design. They will include a proximity
sensor, preventing the machine from operating if a person or object is within a 1.5-2ft radius of
the LEGO Girl Scout. This does impact design as well, since the ME team plans to have a button
to activate the robot on the LEGO Girl Scouts sash that resembles a patch earned by Girl Scouts.
For the button to be pressed, someone will have to step into the proximity of the sensor, which
would cause issues since the robot will detect this as a safety risk. The team plans to implement
an approximately five second delay between the button being pressed and the arm activating,
allowing the user to step back out of the range of the proximity sensor. The team will also
include fallback sensors in case of an error with the proximity sensor, that will stop the
movement of the arm if external forces are applied to the arm (i.e., a child tries to hang from the
arm as it raises up), as well as if a disturbance is sensed in any of the determined pinch points. To
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further this, the team will run an analysis of the arm to determine areas where pinching may
occur.
Another aspect of the ME team's design is to develop an arm that Girl Scouts across California
can build on their own, creating another area of risk that needs to be addressed by the team. The
team will look to use parts and fasteners that have little to no edges or sharp points to decrease
risk of injury. The team will also create an instructive packet for the Girl Scouts that will include
a section on potential risks and safety procedures that should be followed while building the
robot. A complete list of potential hazards and corrective actions can be found in Appendix A.4.

5.0 Project Management
The design project will take the entire year to complete, with each quarter designated to different
milestones and steps in the design process. Throughout each quarter, design reviews will be
conducted and presented to the sponsor to showcase our progress and design direction. At the
end of the quarter the team will present the final design review and prepare for the Senior Project
Expo where the final prototype will be displayed. Table

5.1 Quarterly Project Timeline
5.1.1 Fall Quarter
Currently, the team has completed two milestones including the Scope of Work and the
Preliminary Design Review. Included in those milestones, the team has created conceptual
models and prototypes, as discussed in previous sections, that aid in the justification of their
chosen design direction. With these tasks completed, the team plans to begin preliminary
analysis for appropriate materials and electrical components for our design which will also be
extended into the beginning of winter quarter.
The first form of analysis will be to conduct failure modes and effects analysis which will focus
on where our design might fail to perform its functions and how those failures will affect our
customers. At the end of fall quarter, we will begin to design for manufacturing and assembly.
5.1.2 Winter Quarter
Winter quarter will be focused on design analysis and manufacturing. Leading up to the Critical
Design Review (CDR), the team will complete designing for manufacturing. Once the
preliminary analysis of the concept prototype has been completed, the team will begin to build
the structural prototype. The structural prototype will solidify any factors of our project that is
currently the most challenging part of the project. The team will begin to troubleshoot the control
system of the arm, activation feature, and safety feature in the structural prototype as these
components were not analyzed in the conceptual prototype. For the structural prototype, the team
will refine the current CAD model to adjust for any changes that have been decided since the
concept prototype. Additionally, in preparation for the structural prototype, the team will begin
to code a program that will allow for certain functionalities to be showcased. The team must also
collaborate with the other disciplinaries involved in the project to adjust for any issues that could
be caused by the other subsystems of the robot.
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Furthermore, the team will begin to create an indented bill of materials (iBOM) and a project
budget for the structural prototype and final assembly. Included in the iBOM will be a logical
arrangement of all component parts into the sub-assemblies and assemblies, as well as costs and
sources for the final assembly. The project budget will list all planned purchases for our project
from early prototype stages and testing. In terms of funding, the Girl Scouts of California’s
Central Coast have provided the teams $2000 for manufacturing materials and electrical
components dispersed amongst the different disciplinaries working on this project. In addition,
the mechanical engineering department will provide $500 to the mechanical engineering team for
their project.
A design verification plan and report will be created to verify that our design meets the
specifications set out at the beginning of the design process. This document will outline the tests
we plan to perform on our structural prototype.
A mid-quarter Critical Design Review (CDR) will include the information on our final system
design with the structural prototype, design justification, manufacturing plan, and design
verification plan. We will present the CDR to our sponsor to provide full details of the design
and convince the sponsor that the final design will meet all specifications. Once the sponsor has
verified the final design, the team will start to build the final verification prototype for further
testing and safety considerations.
5.1.3 Spring Quarter
For spring quarter, the project will focus on building and testing the verification prototype,
refining the final design, and the senior project exposition. The team will test the product by
performing different tests as displayed in our QFD. These tests will be performed to ensure that
the sponsor’s needs are met. At the end of the quarter, the team will present their Final Design
Review (FDR) which will put together the contents of the SOW, PDR, and CDR as well as the
manufacturing and design verification activities completed after the CDR. The final product will
then be showcased at the Senior Project Expo.

5.2 Gantt Chart
In Appendix A.5, the team has provided a Gantt Chart produced through TeamGantt. The Gantt
chart helps organize what deliverables are completed and need to be started to proceed to the
next.

6.0 Conclusion
This document outlines the preliminary design review for the proposed project of a moving robot
arm that will be able to make the Girl Scout sign – raising three fingers of the right hand with the
thumb holding down the pinky. The preliminary design review is an agreement between the
project team and the sponsor about the team’s design direction and justification for that decision
with appropriate evidence. In this document the team has outlined the concept development,
design, and justification in addition to project management. The concept development step is
critical to the design process as it explicitly shows how the different components were evaluated
and decided on. The concept design and prototype combine all the decisions made in the
developmental step and creates a rough visual representation of the final product. The team
15

requests the sponsor’s consensus on the content of this preliminary design review to move
forward with this project. The next major project deliverable will be the Critical Design Review
(CDR) that will be completed on February 11th, 2021. The CDR will document the team’s final
system design with the structural prototype, design justification, manufacturing plan, and design
verification plan.
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Appendices
A. Concept Development
A.1 Ideation Brainstorm
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A.2 Pugh Matrices for Each Key function

Table 1. Pugh Matrix by arm function.

Table 2. Pugh Matrix by Hand function.
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Table 3. Pugh Matrix by activation function.

Table 4. Pugh Matrix by safety function.
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A.3 Weighted Decision Matrix

Table 5. Weighted Decision Matrix.
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A.4 Design Hazard Checklist
Y

N
1. Will any part of the design create hazardous revolving, reciprocating, running, shearing, punching,
pressing, squeezing, drawing, cutting, rolling, mixing or similar action, including pinch points and sheer
points?

✔

✔

3. Will the system have any large moving masses or large forces?

✔
✔

4. Will the system produce a projectile?
5. Would it be possible for the system to fall under gravity creating injury?

✔
✔

6. Will a user be exposed to overhanging weights as part of the design?

✔

7. Will the system have any sharp edges?

✔

8. Will any part of the electrical systems not be grounded?
9. Will there be any large batteries or electrical voltage in the system above 40 V?

✔

✔

2. Can any part of the design undergo high accelerations/decelerations?

✔

10. Will there be any stored energy in the system such as batteries, flywheels, hanging weights or
pressurized fluids?

✔

11. Will there be any explosive or flammable liquids, gases, or dust fuel as part of the system?

✔

12. Will the user of the design be required to exert any abnormal effort or physical posture during the use
of the design?

✔

13. Will there be any materials known to be hazardous to humans involved in either the design or the
manufacturing of the design?

✔

14. Can the system generate high levels of noise?

✔

15. Will the device/system be exposed to extreme environmental conditions such as fog, humidity, cold,
high temperatures, etc?

✔

16. Is it possible for the system to be used in an unsafe manner?
17. Will there be any other potential hazards not listed above? If yes, please explain on reverse.
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Description of
Hazard

Pinch Points

Planned Corrective Action
Incorporate sensors into the design that sense any disturbances in
pinch point areas and stop the machine. Talk to the IME team about
structure and how to decrease likelihood of pinching through design
of the enclosure.

Planned
Date
Feb 22,
2022

Design the control system to move the arm at reasonable speed and
acceleration to decrease the force the arm exerts. Incorporate sensors
that stop the machine when someone is within 1.5-2ft of the
machine.

Feb 22,
2022

Although unlikely it is possible that the arm could potentially
become detached from the body, and fall causing risk. To decrease
the likelihood the team can incorporate extra support at each of the
joints, specifically the shoulder.

Feb 22,
2022

We will use an outlet plug that includes a grounded prong.

Feb 22,
2022

Feb 22,
2022

Hanging from Arm

Incorporate sensor to prevent arm from operating if someone is
within 1.5-2ft. Incorporate weight sensor on arm to stop movement
if external force detected on arm.

Girl Scouts
Building Robots at
Other Stores

The team will try and use components that have little to no shard
points or edges. In the packet of instructions to build the arm, there
will be a section for safety and potential hazards that must be
followed during construction.

Apr 26,
2022

Large Moving
Masses

Possible for System
to Fall Under
Gravity

120V Outlet Powers
Arm

*Subject to change as ME team determines more potential safety hazards
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Actual
Date

A.5 Gantt Chart
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Abstract
The Girl Scouts of California’s Central Coast (GSCCC) needs a LEGO robotic Girl Scout model
for Girl Scouts to learn more about STEM and provide support to each Girl Scouts cookie sales
in their stores. Girl Scouts will be able to schedule time with the robot within the Girl Scout
stores to help promote their cookie sales. The Girl Scouts will also be involved in the designing
and manufacturing of the arm to pique their interest in the STEM industry. The GSCCC lost a
significant amount of cookie sales from COVID restrictions, therefore has challenged various
disciplines at California Polytechnic State University, San Luis Obispo to design a robot that will
interact with customers at the Girl Scout stores. Additionally, the various disciplines will include
the Girl Scouts in the design process to promote their interests in STEM. The Mechanical
Engineering group is tasked with creating a robotic arm with an interactive feature. The group
aims to create a robot arm that can recreate realistic arm movements to execute the Girl Scout
honor hand sign through an interactive activation feature. From the Preliminary Design Review
(PDR) and conceptual prototype the team has made significant design changes. To proceed with
these changes in designs the team will share the current system design, justification for these
design choices and how they will achieve the specifications, a manufacturing plan for the design
and lastly a design verification plan to plan tests that will ensure the final produce achieves the
specifications. This design structure was then modeled and produced to provide as a proof of
concept for the arms functions and reliability of the selected parts. The project timeline contains
all major milestones to be met over the remainder of the project leading to the Final Design
Review (FDR). The document will serve as the critical design review report for the senior project
on the Lego Girl Scout Robot.
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1.0 Introduction
Girl Scouts of California’s Central Coast (GSCCC) is a youth organization that “builds girl’s
courage, confidence, and character.” GSCCC introduced a project challenge of designing a Lego
Girl Scout Robot to the Computer Programming Engineering, Mechanical Engineering, and
Industrial Manufacturing Engineering disciplines at California Polytechnic State University, San
Luis Obispo. The challenge is to design a robot that will interact with customers at the Girl Scout
stores and involve the Girl Scouts in the design process to promote STEM. The Mechanical
Engineering team is tasked with fabricating the moving robot arm that will be able to make the
Girl Scout sign – raising three fingers of the right hand with the thumb holding down the pinky.
The arm will be an interactive feature on the robot to interest customers and Girl Scouts.
Since PDR, we have finalized our design and have created a structural prototype for analysis.
There have been no changes to the scope, objective, or project timing since PDR, however, the
design direction has changed. Firstly, the team has passed the responsibilities of the hand
tracking camera to the CPE team to implement into their application. Additionally, the arm has
been modified from PVC pipe to metal channels and the hand design has been simplified from
the concept prototype. This document will serve as the critical design review that will outline the
final system design, design justification, manufacturing plan, and design verification plan for
future tests and required resources.

2.0 System Design
For the ME team’s design of the robotic arm and hand, the team decided to use premade parts
and kits from REV robotics, and 3D printed parts for the hand REV robotics design their parts so
that they work seamlessly with one another allowing for easier replication between Girl Scout
stores in California. The aluminum frame has a unique pattern of slots and holes (#111100, see
Appendix 5 for parts and specifications) to provide users with adjustability if changes must be
made and allows for the IME team to easily mount their LEGO enclosure to the robotic arm.
Robot Hand
Robot Arm

Shoulder

Figure 1: CAD Assembly of the Robotic Arm and Hand
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2.1 Arm Design
The arm itself is split into three sections including the lower arm, upper arm, and shoulder,
which are connected using the joint assembly shown in Figure 4. The joints consist of two plates
connecting the ends of each arm section on both sides. One end will use two rigid connections
(#111600) while the other will use two locking motion hubs (#111300), to allow for the rotary
move desired.
Joint
Shoulder

Upper Arm

Mount

Joint

Lower Arm

Motor

Figure 2: CAD Assembly of the Robotic Arm
The movement necessary to move the arm into its desired position, as seen in Figure 3, will be
achieved using three motors in each of the three sections. The motor attached in the shoulder, see
Figure 5, will allow for 180° motion about the connecting hex shaft (axis of rotation, #111400).
The motors in the arms will be sandwiched between the c-channels (#111100 and #111200) and
will only need to provide 90° of motion about their connecting hex shaft. This will be done
through use of a 90° gearbox, shown in Figure 4, which converts the axis of rotation to one that
is perpendicular to the motor’s axis of rotation. Lastly, the arm will be mounted to the body
designed by the IME team using a single mount shown in the drawings packet (#1111000).
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Figure 3: Arm Configuration for Base Position (left) and Activated Position (right)

Motor

Hex Shaft
90° Gearbox

Locking Motion
Hub

Figure 4: Elbow and Shoulder Joint Configuration
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Motor
Hex Shaft

Locking Motion
Hub

Figure 5: Shoulder Motor Configuration

2.2 Hand Design
In order to create the Girl Scout hand sign shown below in Figure 6, the ME team decided to 3D
print eleven parts, two for each finger and one for the palm. The three middle fingers will be
locked into place using a cross pattern hole through the static linkage piece (#121200)
connecting the fingertip (#121300) and palm (#121400). This hole will be aligned with the crosspattern holes of the palm, through which a LEGO Technic axle (#122000) will pass through, thus
locking the components in place. The team decided to individually print these fingers so in the
future the hand would be able to perform other functions if needed. The pinky and thumb will
require movement, which will be achieved through use of servo motors (#124000) and Kevlar
string (#123000) to actuate the fingers [1]. The servo motors will be in the forearm between the
C-channels and will pull on the string attached to the ends of the fingers to bend each into its
desired position. To move the fingers back into their starting position, springs will be
incorporated in the back of the fingers, so when the motors stop pulling on the fingers, the
springs will force the thumb and pinky back to their home position. Unlike the static fingers, the
moving finger link (#121100) will have circular holes instead of a cross pattern which will allow
for rotation about the LEGO axle. It is also important to note that the connection between the
arm and hand will be rigid and will not move in any way.
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Static Fingers

Moving
Thumb
Moving Pink

Palm

Figure 6: CAD Assembly of the Hand

2.3 Electronics
The arm will require certain electronics as well to operate. To actuate the motion of the arm and
hand, the team is moving forward with a touch sensor (#132000) which activates the arm when a
consumer touches the sensor. The CPE team will also be incorporating a vision system in the
design of the head which will recognize when consumers make the Girl Scout hand sign and
activate the system. Regarding safety, the ME team has decided to use a two-meter proximity
sensor (#1311000) which will stop the motion of the arm when a customer is within two meters
of the Lego Girl Scout. These electronics will be controlled by the control hub (#131000) which
will be placed in the body of the Girl Scout and will get power from a chargeable battery
(#133000 and #134000). The motors and sensors will be controlled through the main hub as
shown in Figure 7.
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Figure 7: Control Hub Wiring Reference

2.4 Control Logic
The overall the interactive girl scout robot arm is going to follow the logic diagram in figure _.
This design was constructed to ensure the arm can be safety operate and be constantly checking
for any safety hazards around it during operation using encoders and ultrasonics sensors. When
these features are tripped the arm will pause and wait for it to be manually shut off and reset. The
operator can then restart the program to have the arm operational.

Figure 8: Control Logic Flow Diagram
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2.5 Assembly Cost Analysis
All the parts needed for this design can be found in the indented Bill of Materials in Appendix 5.
Many of the parts were purchased from REV robotics; however, the components in the hand
were 3D printed or purchased elsewhere. A breakdown of each individual assembly’s cost can be
seen below.
Table 1. Summary Cost Breakdown of Each Sub Assembly and Complete Assembly
Assembly
Arm Assembly
Hand Assembly
Interactive Features Assembly
Electronics Assembly
Complete Assembly

Cost [$]
386.00
86.04
460.00
133.00
1,065.04

3.0 Final Design Justification
This section discusses the final design of the Lego Girl Scout Robot arm and provides evidence
justifying the materials and geometry choices; analysis completed and our results; safety,
maintenance, and repair considerations; and any remaining concerns.

3.1 Material and Geometry Choices
3.1.1 Arm
One of the key functions of the entire system is for it to be reproducible and easy to assemble. In
order to achieve this, the team decided to purchase most of our arm parts from Rev Robotics to
avoid any manufacturing. The team chose to purchase from Rev Robotics as it had quality parts
and was at the desired price point. In Table 2, the team created a design matrix which compares
Rev Robotics to other robotics suppliers. For each engineering specification, the supplier was
ranked on a scale from 1 to 5, with 5 meaning a perfect score. Each supplier ranking was then
multiplied with the respective specification weight, which was summed up to find the total score.
Rev Robotics ranked the highest out of all suppliers and thus we moved forward with purchasing
from them.
Table 2. Suppliers Weighted Decision Matrix
Specification
Weighting Rev Robotics Tetrix Robotics
Price
0.3
3
4
Design Flexibility
0.5
4
3
Component Uniqueness
0.2
4
2
Total
1
3.7
3.1
7

Vex Robotics
4
2
3
2.8

The team also decided to order parts from the same supplier to ensure that all parts were
compatible. For the entire system the team plans to use only M3 nuts which makes it easier for
assembly. Utilizing simple structures and fasteners cut the cost of manufacturing entirely.
Additionally, the team will create a manual, similar to Lego building instructions, with thorough
instruction and diagrams so that the girl scouts will be able to assemble the arm in under 6 hours.
By utilizing fewer fasteners and components, the team can accomplish this goal.
The structural components encasing the motor and joint components are made of Aluminum
6063 and Aluminum 5052 and have multiple mounting holes for M3 fasteners. Originally, the
team wanted to make the arms out of PVC piping, but after PDR, the team concluded that it
would be difficult to drill holes and mount joints to the arm and the Rev Robotics channels
provided more flexibility due to the multiple provided mounting holes. Using PVC pipe would
also require manufacturing steps such as drilling and cutting the pipes which would be difficult
for a Girl Scout to perform. Additionally, the lengths associated with the structural components
are based on dimensions of a 7-year-old girl to make the arm appear more realistic. The gearbox,
locking hub, and hex shaft are composed of stainless steel and sintered steel. The materials for
these parts are strong enough to withstand enough force to not easily bend or break if dropped or
pushed down on.
Additionally, the team chose to buy motor kits for the arm joints. The motors would make it
possible for three D.O.F. in our arm: two D.O.F. in the shoulder to rotate the arm and raise the
arm away from the upper body and one D.O.F. for the hinge joint in the elbow. The 4 D.O.F.
hand and 3 D.O.F. arm will provide an unmatched shopping experience for customers. This kit
includes everything the team needs to create the necessary motions in the arm and is modestly
priced. The motor is also small and can be placed easily between the channels used for encasing
the arm.
3.1.2 Hand
Knowing that the GSCC has access to their own 3D printers, the team chose to utilize those
resources for creating complex shapes, like the hand and fingers. For the purposes of the hand
design, the PLA plastic material will be strong enough to withstand moderate force. The team
will also be using Lego axles to act as finger joints. Since the hand will be small, the Lego axles
work perfectly as finger joints and are cheap to purchase. Additionally, the team will be using
Kevlar string because it is strong enough to pull fingers down for the girl scout hand signal
without breaking. To bring the fingers back to its neutral state, springs will be applied to the
fingers. Lastly, the team will be purchasing a Smart Robot Servo from Rev Robotics to pull the
Kevlar string. This servo is small, moderately priced, and works well for the team’s purposes.
3.1.3 Interactive Features
In the design, the team plans to integrate a touch sensor. The touch sensor will be purchased
from Rev Robotics and will help with interactions with customers. Originally, the team was
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going to work on a camera for hand recognition, however, the CPE team will be working on this
component and integrating it into their application.

3.2 Analysis of Structural Prototype
From the structural prototype the team learned that the REV Robotics Kit parts are very robust,
strong and reliable to use. The team observed that some screws and nuts are very small and could
be hazardous towards younger girl scouts. They are potential choking hazards so the team must
have an age restriction and warning when putting together the groups that will be building the
robot arm. Additionally, attaching certain components together, such as the joints, require
complex maneuvers to position the screws correctly, thus, proper detailed visual and instructions
need to be included in those assembly steps. Building the structural prototype helped finalize the
assembly steps instructions to provide easy and accurate instructions into putting the robot arm
together.
Additionally, the team conducted force tests at the end of the arm to calculate the torque each
joint motor would endure to ensure enough gearboxes are purchased. The measured forces are
shown in Table 3. The gearboxes provided in the kit are not enough for the arm to operate under
the stall torque specification of the motors. The specification of the motors is 4.4 lbf-ft with the
gearboxes that come with the kit. The max torque the motor endures is the shoulder joint at
9.8lbf-ft. The calculations can be found in Appendix 1. To ensure a safety margin the team will
be purchasing extra 5:1 REV Planetary gearboxes to ensure that the torque requirements are met.
Table 3. Forces
Component
Lower Arm
Lower and Upper Arm
Full Arm Without Motors

Force [lbf]
0.3
1.3
2.0

The team also performed a FEA simulation on the hex shaft in the shoulder, as shown in
Appendix 2. This simulated the hex shaft holding the entire arm weight. To simulate the worstcase scenario, the lower and upper arm force found from the force gauge test were applied to one
end of the shaft while the other end was fixed. The results indicated a safety factor of 5.46 which
exceeded our FEA specification of 1.5. Additionally, the max displacement was 0.1611mm
which proves that the shoulder axle will not be easily bended or broken.
Overall, the structure prototype verified that the team selected the right brand of parts, and the
CAD design works as the arm is able move without any structural instability. The team found
valuable information of how many gearboxes to purchase with our motors and other details that
needed to be included during the assembly of the arm.
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3.3 Safety, Maintenance, and Repair
Since the team’s design includes moving parts, there will be numerous hazards that must be
mitigated or fixed to safely operate in an environment where civilians will be interacting with the
robot arm. Since PDR, there have been no changes to our safety considerations. The ME team
predicts that the main hazards will involve the movement of the arm and the associated force, as
well as pinch points around the joints. To minimize the risk, the team is planning to incorporate
numerous sensors in the overall design. This will include a proximity sensor, preventing the
machine from operating if a person or object is within a 1.5-2ft radius of the LEGO Girl Scout.
This does impact design as well, since the ME team plans to have a button to activate the robot
on the LEGO Girl Scouts sash that resembles a patch earned by Girl Scouts. For the button to be
pressed, someone will have to step into the proximity of the sensor, which would cause issues
since the robot will detect this as a safety risk. The team will implement an approximately five
second delay between the button being pressed and the arm activating, allowing the user to step
back out of the range of the proximity sensor. The team will also include fallback sensors in case
of an error with the proximity sensor, that will stop the movement of the arm if external forces
are applied to the arm (i.e., a child tries to hang from the arm as it raises up), as well as if a
disturbance is sensed in any of the determined pinch points.
Another aspect of the ME team's design is to develop an arm that Girl Scouts across California
can build on their own, creating another area of risk. To avoid this risk, the team will create an
instructive packet for the Girl Scouts that will include a section on potential risks and safety
procedures that should be followed while building the robot. A complete list of potential hazards
and corrective actions can be found in Appendix 3 and 4.
In terms of maintenance, the store employee should perform weekly checks to ensure that the
robot arm is fully functional. Additionally, since the model should be fully buildable by a girl
scout, if part of the arm does become broken, a shop worker will be able to repair those parts
with ease.

3.4 Concerns
Regarding the design of the robotic arm, the main challenges relate to testing of the ultrasonic
sensor. Since ultrasonic sensors provide a wide range as a proximity detector, the team must
perform many tests to ensure that the sensors work for their safety purposes.

4.0 Manufacturing Plan
This section describes the mechanical engineering team plan to build their verification prototype.
This section includes the procurements of all materials and components, steps for manufacturing
and assembly.
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4.1 Procurement
All materials and components will be purchased through our Sponsor, Lindsey Hatlee. All
manufactured parts will be 3-D printed at the Cal Poly Mustang 60 shop. All other components
will be purchased from Rev Robotics, Amazon, Flashforge and Brick Owl. A specified table of
all the components cost and purchase location can be found on the Intended Bill of Materials in
Appendix 5. The availability of all components has been verified and a purchasing date has been
set in order to avoid any delay. The material and shipping dates can be found on the Gantt Chart
in Appendix 10.

4.2 Manufacturing
The following includes the procedure for manufacturing each built part for the verification
prototype. All manufacturing processes were broken down for each subsystem and component of
the robotic arm. 3D printing is the only manufacturing process the team will be needing,
therefore limited shop resources and timing is not a concern for the team. A table summarizing
the team’s manufacturing needs can be found on the Manufacturing Plan in Appendix 7.
4.2.1 Hand System
Fingers
1. 3D print fingers from CAD model.
2. Sand to smooth out rough edges
Hand
3. 3D print hand from CAD model
4. Sand to smooth out rough edges

4.3 Assembly
The following steps listed in this section outline the exact procedure for assembling the shoulder,
upper arm, lower arm, and hand. All assembly processes were broken down for each subsystem
of the robotic arm. Additionally, diagrams for each subsystem can be found in Appendix 6, in
order to reference each component mentioned in the steps below.
4.3.1 Shoulder System
1. Use M3 screws and nuts to mount motor to bracket.
2. Insert hex shaft into hex opening.
3. Slide lock motion hub onto hex shaft.
4. Lock hex shaft onto motor.
5. Slide U channel endcap onto hex shaft up to the lock motion hub and secure with M3
screws and nuts.
6. Use M3 screws and nuts to fasten U channel endcap to two C channel.
7. Use M3 screws and nuts to fasten flat plate – 24mm and flat plate – 88mm to each C
channel to create joints.
11

4.3.2 Upper Arm System
1. Secure ultra-90-degree gear box to motor with M3 screws and nuts.
2. Encase gear box and motor with two C channels.
3. Connect shoulder with upper arm by inserting hex shaft into C channel encasing and 90degree gear box.
4. Secure ends of shaft with lock motion hubs on each end.
5. Use M3 screws and nuts to fasten flat plate – 24mm and flat plate – 88mm to each C
channel to create joints.
4.3.3 Lower Arm System
1. Secure ultra-90-degree gear box to motor with M3 screws and nuts.
2. Encase gear box and motor with two C channels.
3. Connect upper arm with lower arm by inserting hex shaft into C channel encasing and
90-degree gear box.
4. Secure ends of shaft with lock motion hubs on each end.
4.3.4 Hand System
1. Use fasteners to connect fingers to hand.
2. Use fasteners to connect hand to the lower arm.

5.0 Design Justification Plan
The Verification Prototype will undergo a variety of tests to ensure that they meet our defined
specification in Appendix 8. The test is outline in Appendix 9 and will be conducted as
scheduled in the Gantt chart in Appendix 10.

5.1 Specification 1: Weight of the Overall Arm
The weight of the arm will need to be under 5lbm and will be test by weighing the overall arm on
a scale that is check out from Ben Carr.

5.2 Specification 2: Pinch Force of Arm Joints
The pinch force of the arm will need to be under 5lbf and will be tested by placing a force gauge
between the shoulder and arm joints. Then the joint motors will apply torque until the program
recognizes resistance to its motion. The test should record the peak force outputted by the arm
joint until it is shut off by the safety system. For this test data analysis and uncertainty
propagations will be performed to ensure the safety of any user that can potentially be trapped by
the arm. The force gauge will check out from Ben Carr.

5.3 Specification 8: Response Time of Safety System
The response time of the system will need to be under 10ms and will be tested by measuring the
time it takes for each safety feature to activate for the arm. The team will use timers set up within
our software program and hand timers checked out from Ben Carr.
12

5.4 Specification 10: Assembly Time of Each Subassembly
The construction time of the overall arm will need to be under 6hrs and will be tested by
measuring the time it takes to construct each subassembly with a variety of different test groups.
The team will use their mobile phones as timers.

6.0 Conclusion
This document outlines the critical design review for the proposed overall design of a moving
robot arm that will be able to make the Girl Scout sign – raising three fingers of the right hand
with the thumb holding down the pinky. The critical design review is an agreement between the
project team and the sponsor about the team’s design decisions and justification for that decision
with appropriate evidence. In this document the team has outlined the system design, design
justification, manufacturing plan, and a design verification plan. The team requests the sponsor’s
consensus on the content of this critical design review to move forward with this project. The
next major project deliverable will be the Final Design Review (FDR) that will be completed on
May 26th, 2022. The FDR will document the team’s final system design with the verification
prototype and design justification.
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A.4 Safety Hazards Checklist
Y

N
1. Will any part of the design create hazardous revolving, reciprocating, running, shearing, punching,
pressing, squeezing, drawing, cutting, rolling, mixing or similar action, including pinch points and
sheer points?

✔

✔

2. Can any part of the design undergo high accelerations/decelerations?
3. Will the system have any large moving masses or large forces?

✔
✔

4. Will the system produce a projectile?
5. Would it be possible for the system to fall under gravity creating injury?

✔
✔

6. Will a user be exposed to overhanging weights as part of the design?

✔

7. Will the system have any sharp edges?

✔

8. Will any part of the electrical systems not be grounded?

✔

9. Will there be any large batteries or electrical voltage in the system above 40 V?

✔

10. Will there be any stored energy in the system such as batteries, flywheels, hanging weights or
pressurized fluids?

✔

✔

11. Will there be any explosive or flammable liquids, gases, or dust fuel as part of the system?

✔

12. Will the user of the design be required to exert any abnormal effort or physical posture during the
use of the design?

✔

13. Will there be any materials known to be hazardous to humans involved in either the design or the
manufacturing of the design?

✔

14. Can the system generate high levels of noise?

✔

15. Will the device/system be exposed to extreme environmental conditions such as fog, humidity,
cold, high temperatures, etc?

✔

16. Is it possible for the system to be used in an unsafe manner?
17. Will there be any other potential hazards not listed above? If yes, please explain on reverse.
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A.5 Indented Bill of Materials
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A.6 Assembly Diagrams
Upper Arm

Lower Arm
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Shoulder

Hand
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A.7 Manufacturing Plan
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A.8 Engineering Specifications Table
Spec.
#
1
2
3
4
5
6

Specification Description

Requirement or Tolerance Risk* Compliance**
Target (units)
Weight
< 15 lb
+/- 5 lb
M
T
Pinch Force
< 5 lb
+/- 1 lb
M
T
Total Cost
< Budget
N/A
M
A
Customer Survey
Pass
N/A
L
I
User Survey
Pass
N/A
L
I
FEA Simulation
No Failure
N/A
M
A
(1.5 F.O.S.)
7
Length Dimensions
1.5-2 ft
+/- 0.25ft
L
A, I
8
Response Time
< 10 ms
+/- 5ms
H
A
9
Plug into Outlet
Pass/Fail
N/A
L
I
10 Independent Assembly Time
< 3 hrs
+/- 1hr
H
T
11 Girl Scout Hand Sign D.O.F.
1 < D.O.F <= 5
N/A
H
A
12 Arm D.O.F.
1 < D.O.F <= 3
N/A
M
A
* Risk of meeting specification: (H) High, (M) Medium, (L) Low
** Compliance Methods: (A) Analysis, (I) Inspection, (S) Similar to Existing, (T) Test
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A.9 Design Verification Plan

DVP&R - Design Verification Plan (& Report)
Project:

Interactive Lego Girl Scout Robot Arm

Sponsor:

Girl Scouts

TEST PLAN
Test
#

Specification

Test Description

Measurements

1

1 Weight

Weigh the overall arm on a scale

Weight
measured once

2

2 Pinch Force

4

8 Response Time

5

10 Independent
Assembly Time

Acceptance
Required
Parts Needed
Criteria
Facilities/Equipmen

<15lb

Scale Check Out
from Ben Carr

Place a force gauge between the
Force measured
shoulder and arm joint and have the
Force Gauge Check
5 times each
<5lb Force
motors apply torque until the program
Out from Ben Carr
joint
recognizes resistance to its motion.

Responsibility

TIMING
Start date Finish date

VP

Bryson

3/29/2022

VP

Emi

4/14/2022

Measure the time it takes for each
safety feature to activate

Time will be
measured 10
times for each
safety feature

<10ms

Timer Check Out
from Ben Carr

VP

Chris

5/2/2022

Measure the time it takes to
construct each subassembly

Time will be
measured 3
times for each
sub assembly
using 5 different
volunteers

<6hrs

Timer Check Out
from Ben Carr

VP

Karina

3/10/2022
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Numeri

A.10 Gantt Chart
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A.11 Drawings and Specifications Packet
#100000

28

#110000

29

#110000E

30

#111100

Features
Extended Motion Pattern allows for easy connecting of structure, gears, sprockets, and motors
All mounting holes fit M3 Hardware
Uses 9mm Plastic Bushings or Metal Bearing Mount for rotary motion
Slots are compatible with standard M3 hex nuts and M3 hex-head cap screws as studs

Specifications
Material: 6063 Aluminum
Height: 45mm
Width: 15mm
Length: 1m
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#111200

Features
Extended Motion Pattern allows for easy connecting of structure, gears, sprockets, and motors
All mounting holes fit M3 Hardware
Uses 9mm Plastic Bushings or Metal Bearing Mount for rotary motion
Slots are compatible with standard M3 hex nuts and M3 hex-head cap screws as studs

Specifications
Material: 6063 Aluminum
Height: 45mm
Width: 15mm
Length: 88mm
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#111300

33

#111400

Specifications
Material: Stainless steel (SUS303)
OD: 5mm hex
Length: 75mm
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#111500

Specifications
Material: 5052 Aluminum
Length: 88mm
Width: 45mm
Hole Pattern: Extended Motion Pattern, M3
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#111600

Specifications
Material: 5052 Aluminum
Length: 24mm
Width: 45mm
Hole Pattern: Extended Motion Pattern, M3
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#111700
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Specifications
Case Material: Glass Fiber Reinforced PA66 Nylon
Gear Material: Sintered Steel
Gear Ratio: 1:1
Weight (just gearbox): 102.6g (0.226lbs)
Weight (with UP mounting accessories): 117.2g (0.258lbs)
Input & output bore: 5mm Hex
Input bore depth: 10.5mm
Output bore depth: through-bore
Mounting holes: M3 threaded (M3 clearance on input for mounting to UP)
Bolt pattern: 32mm bolt circle (60° spacing)
Height: 33mm
Width (output-to-output): 40mm
Length (from input face): 40mm
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#111800

39

#111800

40

#111800
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#111800
Gearbox Specifications
Module: 0.55
Pressure Angle: 20°
Materials: Sintered Steel, Glass Fiber Reinforced PA66 Nylon
Weight(s):
UltraPlanetary w/3 Cartridges and HD Hex Motor, no hardware: 441.5 g (0.973 lbs)
UltraPlanetary w/3 Cartridges, no motor and no hardware: 206.5 g (0.456 lbs)
UltraPlanetary Output Cartridge: 66.5 g (0.147 lbs)
UltraPlanetary Mounting Plate: 33.5 g (0.074 lbs)
UltraPlanetary 3:1 Cartridge: 35.5 g (0.078 lbs)
UltraPlanetary 4:1 Cartridge: 34.0 g (0.075 lbs)
UltraPlanetary 5:1 Cartridge: 36.0 g (0.079 lbs)

HD Hex Motor Specifications - No Cartridges
Body Diameter: 37mm
Voltage: 12V DC
No-Load Current: 400mA
Stall Current: 8.5A
Free Speed: 6000 rpm
Stall Torque: .105 Nm
Max Output Power: 15W
Encoder Counts per Revolution
At the motor - 28 counts/revolution
For more information see the UltraPlanetary User's Manual.
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#111800
Kit Contents
QTY 1 - UltraPlanetary Cartridge - 3:1 (REV-41-1601)
QTY 1 - UltraPlanetary Cartridge - 4:1 (REV-41-1602)
QTY 1 - UltraPlanetary Cartridge - 5:1 (REV-41-1603)
QTY 1 - UltraPlanetary 550 Motor Plate (REV-41-1607)
QTY 1 - UltraPlanetary Female 5mm Hex Output Cartridge V2 (REV-41-1615)
QTY 1 - UltraPlanetary 550 Motor Pinion Gear pressed onto HD Hex Motor (REV-41-1608)
QTY 1 - HD Hex Motor No Gearbox (REV-41-1291)
QTY 1 - 5mm x 75mm Hex Shaft (REV-41-1347)
QTY 1 - UltraPlanetary Hardware Pack (REV-41-1609)
QTY 1 - JST VH 2-Pin Motor Cable - 50 cm (REV-31-1413)
QTY 1 - JST PH 4-Pin Sensor Cable - 50 cm (REV-31-1408)
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#111900

Specifications
Material: 6063 Aluminum
44

#1111000

SPECIFICATIONS
Material: 5052 Aluminum
45

#112000

SPECIFICATIONS
Thread Pitch: M3 x 0.5
Material: Corrosion resistant zinc plated steel
Width: 5.5mm
Height: 2.4mm
46

#113000
Zinc plated steel hex hardware of the appropriate size to work with the REV 15mm Extrusion
System. Length measured from tip to underside of hex cap.

Specifications
Thread Pitch: M3 x 0.5
Material: Corrosion resistant zinc plated steel
Head Dimensions: 5.5mm hex width, 2mm height
Length: 8mm

#114000
Zinc plated steel hex hardware of the appropriate size to work with the REV 15mm Extrusion
System. Length measured from tip to underside of hex cap.

Specifications
Thread Pitch: M3 x 0.5
Material: Corrosion resistant zinc plated steel
Head Dimensions: 5.5mm hex width, 2mm height
Length: 16mm
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#115000

Specifications
Thread Pitch: M3 x 0.5
Material: Corrosion resistant zinc plated steel
Width: 5.5mm
Height: 4.4mm
48

#116000

These set screws have a pre-applied coating of nylon, helping them to stay in place under
vibration. Use these with REV's standard Shaft Collars or new Slim Shaft Collars to never lose
another shaft collar in a match!

Specifications
Material: Steel
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#120000

50

#120000E

51

#121000
Specifications
Tensile Strength: 45-49 MPa
Flexural Strength: 69-75 MPa
Modulus of Elasticity: 1000-1100 MPa
Elongation at Break: 13.5-15.5%
Heat Deflection Temp: 53 °C
Nozzle Temp: 200-220 °C
Bed Temp: 50-55 °C
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#121100

53

#121200

54

#121300

55

#121400

56

#122000

Specifications
Lego Name: Axle 4m
1.2” x 0.2” x 0.2”

#123000
Specifications
Brand Name: 9KM DWLIFE
Color: Black
Material: Kevlar Fiber
Manufacturer: 9KM DWLIFE
Part number: 9KM-KL4041
Size: 50Lb-200Ft
Fishing Line Type: Braided
Line Weight: 50 Pounds
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#124000
Specifications
Size: 40.2mm x 20.0mm x 38.0mm
Weight: 2.05 oz.
Speed: 0.14 s/60° (at 6V) - Note this speed is slightly higher for current inventory than
previously stated (.14s/60° vs the .13/60°)
Stall Torque: 13.5 kg-cm / 187.8 oz-in (at 6V)
Stall Current: 2A (at 6V)
Voltage Rating: 4.8V – 7.4V, 6V nominal
Input Pulse Range: 500μs – 2500μs
Default Angular Range: 270°
Maximum programmable range in angular mode - 280°
Gear Material: Metal
Spline type – 25T
Spline Internal Thread Size: M3
Spline Internal Thread Depth: 6mm
Do not exceed this depth as it may damage the servo

Kit Contents
REV Smart Robot Servo
Servo horn (arm) assortment
Servo horn mounting hardware
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#131000
Specifications
Actuator interfaces
4 - DC motor ports with built-in encoder ports
Control position and velocity of DC motors
6 - Servo motor ports
Small and easy to control actuators
Sensor and device interfaces
8 - Digital input/output ports
4 - Analog input ports
4 - Independent I2C ports
1 - Internal 9-axis IMU
Additional expansion interfaces
2 - RS485 ports
Connect additional Expansion Hubs to add more actuator and sensor ports
Currently supported programming languages
Blocks
OnBot Java
Java

Kit Contents
SKU

PRODUCT NAME

REV-31-1595 Control Hub

PRODUCT QUANTITY PACK QUANTITY
QTY 1

XT30 Extension Cable, 30cm QTY 1
3-pin JST PH Cable, 30cm

QTY 1

USB-A Male to USB-C Cable QTY 1
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#132000

General Specifications
Parameter Description: Parameter
Sensor Type: Digital, Active-Low
Signal: n+1

Electrical Specifications
Minimum Operating Voltage: -Maximum Operating Voltage: 3.3V
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#133000
Specification
Voltage: 12V
Capacity: 3000mAh
Weight: 567g
Maximum Dimensions: 113.5mm x 90.5mm x 23mm
Wire Gauge: 16 AWG
Connector: XT30
Replaceable Fuse: 20A ATM
Maximum Discharge Rate: 10C
While the battery cells are rated at a 10C (30A) discharge, the in-line fuse limits this to 20A.
Wire Length (excluding XT30): 150mm

#134000
Specification
Charger for use with our 12V Slim Battery. The charger is wired with an XT30 female connector
and a standard, grounded US power plug.
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#135000

These small connectors can be used to join two JST PH 4-pin Sensor Cables to create a longer
cable.

#136000
PWM Cables, which are used for connecting things like the SPARK Motor controller to the
roboRIO. These can also be used as servo extension cables for getting signal and power a bit
farther away than integrated wires can reach.

SPECIFICATIONS
Length: 36 inches
Wire colors: white, red, black
22 AWG
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#137000
Add this switch between your battery and Expansion Hub to have convenient on/off control of
your robot. We recommend mounting the switch slightly recessed from the outside of your robot
so that it's not accidentally turned off by another robot during a match.

Specifications
Rated for >20A using a 12V battery
Terminals are Male XT30(1) Female XT30(1)
Panel mount in a rectangular hole 27.5mm x 10.6mm

Kit Contents
SKU PRODUCT NAME

PRODUCT QUANTITY

Power Switch Assembly

QTY 1

Mounting Bracket

QTY 1

#138000
The 4-pin JST PH Cable is keyed and locking for improved reliability.

Expansion Hub 4-pin JST PH Connections:
Motor Encoder
Digital
Analog
I2C
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PACK QUANTITY

#139000
The 2-pin JST VH Cable is keyed and locking for improved reliability.

Expansion Hub 2-pin JST VH Connections:
Motor Power

#1310000

These small connector boards can be used to join two JST VH 2-pin Motor Cables to create a
longer cable.
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#1311000
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#1311000
Specifications
Measurement Range: 5cm - 200cm
Measurement Resolution: 1mm
Field of View: 25°
Laser Type: 940nm (IR) Class 1
Sensor Type: I2C
I2C Address: 0x52
Voltage Range: 3.3V - 5.0V
Max. Operating Current: 40mA
Dimensions: 39.4mm x 16.5mm x 15mm
Mounting holes: 2 x M3 holes on 32mm pitch

Kit Contents
QTY 1 – 2m Distance Sensor
QTY 1 – Cable, 4-pin JST PH, 30cm
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Introduction
Girl Scouts of California’s Central Coast (GSCCC) is a youth organization that “builds girl’s
courage, confidence, and character.” GSCCC introduced a project challenge of designing a Lego
Girl Scout Robot to the Computer Programming Engineering, Mechanical Engineering, and
Industrial Manufacturing Engineering disciplines at California Polytechnic State University, San
Luis Obispo. The challenge is to design a robot that will interact with customers at the Girl Scout
stores and involve the Girl Scouts in the design process to promote STEM. The Mechanical
Engineering team is tasked with fabricating the moving robot arm that will be able to make the
Girl Scout sign – raising three fingers of the right hand with the thumb holding down the pinky.
The arm will be an interactive feature on the robot to interest customers and Girl Scouts.
Since CDR, the team has fully assembled the verification prototype, included the Girl Scouts in
assembling the arm, and completed all verification tests for various specifications. This
document will serve as the final design review that will outline the manufacturing process,
instructional manual, and verification tests on the final prototype.

Design Updates
The robot arm itself has seen minimal design updates since the critical design review. Small
visual indications were added to the 3D printed hand to help assist the assembly process after
feedback during the assembly tests as seen in Appendix A.7. They help orient and place the
parts in the correct way. The distance sensors arrived and were added to the arm build as well.
The biggest advancement made since the critical design review is the robot arms code in
Appendix A.6 that is explained in the manufacturing chapter of how it was completed.

Manufacturing Chapter
This section outlines the procurement, outsourcing, manufacturing, and assembly of our final
design. All materials and components were purchased through our Sponsor, Lindsey Hatlee. All
manufactured parts were 3-D printed at the Cal Poly Mustang 60 shop, at the Robotics Club
room or using a personal 3D printer. All other components were purchased from Rev Robotics,
Amazon, Flashforge, and Brick Owl. A specified table of all the components cost and purchase
location can be found on the Intended Bill of Materials in Appendix A.4. Photos of our assembly
process can be found in Appendix A.5.
Part Procurement
The team decided to purchase most of the arm parts from Rev Robotics to avoid any
manufacturing. The team chose to purchase from Rev Robotics as it had quality parts and was at
the desired price point.
The team also decided to order parts from the same supplier to ensure that all parts were
compatible. For the entire system the team plans to use only M3 nuts which makes it easier for
assembly.
Additionally, knowing that the GSCC has access to their own 3D printers, the team chose to
utilize those resources for creating complex shapes, like the hand and fingers.
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Hand and Arm Manufacturing
Please reference the Instructional Manual in Appendix A.6, to view the steps our team followed
when building the hand and arm.
Coding
For the coding process, the team member followed the process outlined in Reference 1 to get
started. Since the REV Control Hub uses java language to communicate between hardware
devices, the IDE Android Studios was used to begin the outline. Reference 2 provided a
premade library for functions used on a REV Control Hub, as well as sample code to get started.
Following the instructions on Reference 2, team member Chris created a basic outline to start
basic motor functions. Once specific motor functions were achieved, the team researched motor
data that could be pulled from the Control Hub. By utilizing current measurements from each
motor, a safety system was placed to detect when a motor would exceed a certain current limit
set in the code. The current limit was set to detect an unexpected current spike that is caused due
to a high load placed on the motors. These high loads can be obstacles such as a person that
could be hazardous to the operation of the robot and people surrounding it. Once the current
feedback safety system was tuned, a touch sensor and a distance sensor were integrated into the
activation, as well as the safety system of the code. The touch sensor was a manual trigger to
start the girl scout arm routine. The distance sensor would trigger a fault when an obstacle got
within reach of the robot arm. These functions were added using the sample code found in
Reference 2. The team member also added a shutoff function that would turn off the robot when
a fault or safety system was triggered. Lastly, the team member worked with CPE team to
integrate communication between the iPad head and the robot arm. The iPad would communicate
with a WeMos microcontroller, which would then send a digital high or low voltage signal to the
Rev Control Hub to act as its main trigger for the girl scout routine. Resources found in
Reference 1 helped develop the detection of high or low voltage outputs and inputs to achieve
communication between the two systems. Overall, the coding was completed after many
iterations of motor control, safety system implementation and system communication.
What We Learned
During the manufacturing process the team faced some challenges and adjusted the design based
on these obstacles. Listed below are the various challenges the team encountered.
1. Some of the components were sold out, like the battery and the driver hub. For the
battery, the team decided to wait a couple weeks until restock to order the items. For the
45mm flat plate – 88mm, the team ordered a slightly larger flat plate and cut the pieces
down to 88mm sizes. Lastly, the team was not able to purchase the driver hub and
decided to order a used Motorola phone that could be programmed into.
2. The team ordered wrong length plates and had to cut them to the lengths they needed.
3. While disassembling the model for testing, the team found that it was easy to shear the
set screws and had to be extremely careful. The team noted in their user manual to not
overtighten the set screws.
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4. When disassembling our model, the team found that some screws were difficult to
remove. The team noted in their user manual to not overtighten the screws when
reassembling.
5. While assembling, one of the hex shafts got stuck in the 90-degree gearbox and the team
learned that they needed to make sure not to jam the hex shafts into the holes.
6. The team realized that the tools wore out after long use, so the team decided to purchase
spare tools.

Design Verification Chapter
Specification Description
Spec #

Table 1: Design Specification Table
Specification Description

Result

1

Weight of arm

Passed

2

Subsystem Assembly Time

Passed

3

Pinch force

Passed

4

Safety system response time

Passed

5

Total Cost

Passed

6

Customer Survey

Passed

7

User Survey

Passed

8

FEA Simulation

Passed

9

Length Dimensions

Passed

10

Plug Into Outlet

Failed

11

Girl Scout Hand Sign D.O.F.

Passed

12

Arm D.O.F.

Passed

Spec 1: The team specified that 15lbf would be the max arm weight as they didn’t want the arm
to be too heavy and strenuous to the motors.
Spec 2: The project sponsors specified that each subsystem of the arm take less than 2 hours
based on the max time that girl scouts can be at an event.
Spec 3: The team specified that a 4lbf pinch force would be the max pinch force based on
sample testing of what force caused pain on the force gauge.
Spec 4: The team specified that the response time of the safety system be under 10ms to ensure
that the robot can enforce safety
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Spec 5: The project sponsors specified that the total project budget was $3000.
Spec 6: The team specified that having a 4 D.O.F. hand and 3 D.O.F. arm will provide an
unmatched shopping experience for customers.
Spec 7: The team specified that having detailed instructions, safety guidelines, and predicted
modes of failure, users will be able to build and maintain the Lego Girl Scout relatively easily
Spec 8: The team specified that there should be no failures with at least a 1.5 factor of safety in
the FEA simulation to ensure that the arm does not break easily over time.
Spec 9: The team specified that the arm length should be 1.5 ft to 2 ft long based on the average
arm length of a 7-year-old girl.
Spec 10: The team specified that the arm should be able to plug into an outlet as this robot model
will be in girl scout stores where standard outlets are readily available.
Spec 11: The team specified that the hand should have D.O.F ranging from 1 to 5 D.O.F to
ensure that the hand can make the girl scout hand sign.
Spec 12: The team specified that the arm should have D.O.F ranging from 1 to 3 D.O.F to move
from resting to up position.
Description of Completed Tests and Results
Specification 1: Weight of Arm
For the first specification the team wanted to measure the force of each subsystem in the arm.
Using this data, the team calculated the max torque required at the motor locations and perform
FEA on the shoulder hex shaft. The max torque calculated was in the shoulder at 57lbf-ft, as
shown in Figure 1.
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Figure 1: Torque Calculations
Based on this data, the team could decide the necessary gearboxes for their system, as shown in
Table 2.

Stage 1 & Stage 2
3:1 & 3:1
3:1 & 4:1
3:1 & 5:1
4:1 & 4:1
4:1 & 5:1
5:1 & 5:1

Table 2. Gearbox Specifications in lbf
HD Hex Motor
Stage 3
3:1
4:1
17.9
22.4
22.4
28.0
32.4
40.4
28.0
35.0
40.4
50.5
58.5
73.0

5:1
32.4
40.4
58.5
50.5
73.0
105.5

Additionally, the team was able to perform an FEA simulation on the shoulder hex shaft using
the weight of the lower and upper arm, as shown in Figure 2.

Figure 2: FEA Analysis on Shoulder Hex Shaft
This simulated the stress experienced by the hex shaft when holding up the entire arm weight. To
simulate the worst-case scenario, the lower and upper arm force found from the force gauge test
were applied to one end of the shaft while the other end was fixed. The results indicated a safety
factor of 5.46 which exceeded the team’s FEA specification of 1.5. Additionally, the max
displacement was 0.1611mm which proves that the shoulder axle will not be easily bended or
broken.
Specification 2: Assembly Test
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For the second specification, the team timed how long it took to assemble each subsystem of the
arm, as shown in Figure 3.

Figure 3: Assembly Test 2
One of the objectives of the project was to involve the Girl Scouts in the assembly of the arm.
The project sponsor specified that the Girl Scouts could only be at a build event for 2 hours at a
time. To ensure that the assembly took less than 2 hours, the team created a thorough instruction
manual to make assembly as simple and efficient as possible. The team performed two timed
sessions to ensure that the build took only 2 hours and to make any edits necessary to the
instruction manual.
Specification 3: Pinch Force Test
For the third specification, the team tested the pinch force of each joint as the arm was in motion,
as shown in Figure 4.

Figure 4: Chris Performing Pinch Force Test
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Based on the pinch force of each joint, the team decided whether to add safety features to the
arm in addition to the proximity sensor and the encoder feedback. Since the pinch force did not
exceed the team’s specification, the test verified the design choice of the safety system.
Specification 4: System Response Time Test
For the fourth specification, the team tested the safety system response time to decide whether
additional safety features were required in addition to the proximity sensor and encoder
feedback. The team used the timers set up within the software of the code to measure the
response time of each safety feature, as shown in Figure 5.

Figure 5: Program Used to Monitor Response Time
Since the response time is important to the design, the team made sure to keep it under 10ms any
way possible since it dictates how quickly the arm reacts to outside stimulus impacting safety of
the arm.
Failed Specification Discussion
The team originally failed 2 specifications. While testing the pinch force generated at each joint,
the team was recording values greater than 4lbf. Therefore, based on the data collected, the arm
had failed specification 3, which states that a 4lbf pinch force should be the max pinch force.
However, after reevaluating their pass and fail criteria, the team ran an experiment to sample test
what pinch force caused pain on the force gauge. From this test, the team concluded that a 10lbf
pinch force was suitable for the max pinch force allowed for each joint in the arm.
The arm also failed specification 10, which states that the arm should be able to plug into an
outlet. This specification was initially set since the robot model will be located in a girl scout
store where standard outlets are readily available. However, since the team decided to use a kit
from Rev Robotics to build the robotic arm, a control hub is now the central interface that
powers the arm.
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Challenges and Recommendations
While testing the pinch forces associated with each joint exerted, the force values being recorded
for each joint surpassed the initial pass criteria. The team had initially set the pass criteria to be a
pinch force of 4 lbf or less, and the failure criteria to be a pinch force of 4 lbf or greater.
However, during the testing of the pinch forces in each joint, the team was recording values of
more than 4 lbf for each joint.
When setting the pass and fail criteria, the team had just estimated the value of 4 lbf. To
determine a more precise value for their pass and fail criteria, they ran a pinch force tolerance
test with their classmates. The test would determine a new pass and fail pinch force value, based
on the tolerance recorded from various classmates.
To run the experiment, the participants pressed their index finger against the digital force gauge
until they felt the most tolerable pain. Table 3 below shows the values recorded from each
participant.
Table 3. Pinch force tolerance from each participant.

Based on the results, the team decided to make the pass criteria to be a pinch force of 10 lbf or
less, and the failure criteria to be a pinch force of 10 lbf or greater. Although the average pain
tolerance was 12.2 lbf, the girl scouts have smaller and more fragile fingers.
The team also decided to run uncertainty analysis on the results of the pinch force test. Using the
specifications of the Omega force gauge needed to run the test, the team was able to determine
that that the resolution uncertainty, the tolerance uncertainty, and the total uncertainty were 0.05
lbf, 0.3 lbf, and 0.3041 lbf respectively. The calculations can be found in Appendix A.3.1.
Based on the specifications and testing analysis, the team has suggested that for future testing of
the robotic arm, the girl scouts have more sessions of build time. By allowing for more building
sessions, the team would be able to inspect how the supervisors help the girl scouts with the
interpretation of the manual and whether adjustments need to be made. The team also
recommends incorporating a hand recognition feature that can detect when a person does the Girl
Scout hand sign in front of the robot, in turn activating the robotic arm to do the same.
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Conclusions and Recommendations
The goal of this senior project was to make an interactive robotic arm that could promote STEM
to young girls, increase the Girl Scout cookie sale experience, and promote safety. Since the
scope of the project was broad, the team required many brainstorming sessions to accomplish
these goals in an innovative way. The team utilized Pugh matrices, weighted decision matrices,
and other tools to narrow down their design direction. The team also worked alongside other
disciplinary teams, CPE and IME, to fully assemble the Girl Scout robot.
In the span of a year, the team was able to accomplish a fully functional interactive robotic arm
that had three degrees of freedom in the arm and two degrees of freedom in the hand to make the
Girl Scout hand sign. The arm included interactive features such as the push button and
communication with the CPE team’s iPad head. The team was also able to involve the Girl
Scouts in the assembly of the robotic arm with the goal of furthering their interest in STEM. To
involve the Girl Scouts in the assembly of the arm, the team focused on having parts that were
easy to assemble and reproducible. This led the team to utilize REV robotic kits which allowed
the team to avoid the need to manufacture anything for the arm. The team also created a
comprehensive instruction manual for the Girl Scouts with detailed assembly pictures and videos
for the coding. Lastly, the team was able to enforce safety by attaching proximity sensors and
encoders that would stop all functions when a person is near the robot arm at a 50cm radius and
whenever the arm feels resistance.
A limitation of the current design includes not having the robotic arm plugged into a wall outlet
as the robot is placed in the Girl Scout store where wall outlets are readily available. The robot is
connected to the control hub that powers the arm by a battery. This battery requires charging and
must be replaced whenever it has lost significant power. Additionally, whenever the battery is
fully charged, the motors may become too energized and cause shaking in the arm. Otherwise,
based on the design analysis, verification testing, and assembly of the robotic arm the team has
met all the requirements and the rest of the specifications that the team set for this project.
For the future, if there are any issues with the robotic arm the team recommends looking over the
instruction manual for troubleshooting details and replacement parts. Some improvements that
could be made to this design include adding more features, improving aesthetics, and adding the
arm to the finalized robot body. Some possible feature additions include a hand recognition
feature that can detect when a person does the Girl Scout hand sign and additional arm
movements like waving or a peace sign. The arm can also be made to look more aesthetic by
adding LEGO pieces or a sleeve. Currently, the robotic arm is just hardware and wiring which
can look messy and not as interesting to younger children. Finally, adding the arm to the
finalized body is very important for completing the LEGO Girl Scout robot. Ensuring that the
body can maintain stability with the arm is crucial for functionality. Thus, modifications to the
arm or body may be required to secure the arm.
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Appendix A.3 Uncertainty Analysis:
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Note: Highlighted value is total uncertainty of the pinch force test
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Appendix A.5 User Manual

User Manual
The following manual is intended to provide the Girl Scouts of California’s Central Coast with
potential issues, hazards, and errors as well as the steps needed to remedy them. Rev Robotics
was used for most of the parts and also has helpful information to be used in the case of an error.
The team has also provided video tutorials for various aspects of the robotic arm. Safety hazards
and personal protective equipment are included first, followed by some common tasks that may
provide issues. Afterwards, a troubleshooting section is included as well as a parts list if parts
must be replaced.
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Safety Hazards
1. To avoid unintended movement of the arm endangering nearby people, do not connect
the wires to the girl scout arm until the arm is fully built.
2. To avoid collisions between people and the arm, consider creating a boundary around the
arm ensuring people are a safe distance away.
3. Pinch points are located at the joints where movement occurs, specifically the elbow and
shoulder. Ensure safety features are working properly before operating the arm. If a
failure of the proximity sensors occurs, see troubleshooting.

Pinch Point
Pinch Point

4. If someone is hit by the moving arm and the arm does not shut off immediately, a sensor
has failed. See troubleshooting for steps to fix the issue.
5. If the robot tips over, remove the arm from the body. Fix broken parts and ensure arm is
operating safely before reattaching.

i

Personal Protective Equipment (PPE)
Wear safety glasses when using drills, specifically for connecting the brackets to the body of the
Girl Scout.

Getting Connected
1. Power on the Control Hub by plugging the 12V Slim Battery into the XT30 connector
labeled “BATTERY” on the Control Hub. You may also choose to include a switch
between the Battery and Control Hub if you prefer.

2. The Control Hub is ready to pair with the Driver Station when the LED turns green.
Note: the light blinks blue every ~5 seconds to indicate that the Control Hub is healthy.

3. Power on your Android Device by holding down the power button.

ii

4. Open the Driver Station application from the HOME Screen.

5. On the Driver Station page, open the menu from the top right corner, then select Settings.
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6. Select, Pairing Method.

7. Select, Control Hub.

iv

8. Select, Pair with Robot Controller.

9. Select Wifi Settings.
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10. Select the name of the Wifi network generated by your Control Hub. The default SSID
name starts with either “FIRST-“ or “FTC-“.

11. Enter the password to the Wifi network in the password field. This defaults to
“password”. Press CONNECT.
12. After pressing connect, press the back arrow at the bottom of the display until
you return to the main driver station screen.
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13. After a couple of seconds, the Driver Station page will indicate the network name, a ping
time, and battery voltage.

14. Ensure all the motors and sensors are connected to their respective ports (see Instruction
manual for correct layout).
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Charging the batteries
1. To charge the batteries, ensure battery pack is disconnected from the control hub, and
connect the battery to the battery charger (orange box).
2. Make sure the amp switch underneath the “Charging” and “Full” lights is set to 1.8A

Charger

3. Connect the charger to a 120V outlet.
Battery

Outlet

Charger

4. The light on the charger will turn green when the battery is fully charged
5. Once the light has turned green unplug the battery. Be careful not to overcharge the
batteries.
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Changing the Batteries
1. Someone should be monitoring the phone frequently (~30min) to ensure the battery is
above 12.3V

Control Hub
Battery Level

2. When it drops below 12.3V the battery should be changed.
3. To change the battery, turn off the arm by pressing the “O” symbol on the power switch.
4. Disconnect the battery from the control hub and connect a freshly charged battery in its
place.
5. Do a test run of the arm to ensure power is being supplied and everything is running
smoothly. See “Running the arm for the first time after disconnecting the Battery” in the
User Manual
6. See “Charging the batteries” for steps on charging the old battery.
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Starting the Arm
1. To start the arm, ensure the battery is connected to the power switch and the power
switch is connected to the control hub in its respective port.

Battery Port

2. Flip the power switch on by pressing down the “-“ symbol.
Power Switch

3. Open the driver station app on the phone and ensure the phone is connected to the control
hub.
4. Press the “INIT” symbol on the phone and then press the play button
5. The arm should now be ready to run.
6. See the Pre-check tutorial for instructions on how to ensure the motors are operating as
intended.
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Turning the Arm Off
1. To turn the arm off, press the “O” symbol on the power switch.

Power Switch

2. On the phone screen, press the stop button.
3. Disconnect the battery from the control hub.

Running the Arm for the First Time After Disconnecting the
Battery
1. For safety purposes, we recommend running short tests when starting the arm for the first
time after the battery has been disconnected.
2. Underneath the play button notice the white text.

3. Stand in front of one of the proximity sensors on the arm and check that the white text
mentions that it has detected a disturbance.
xi

4. Repeat for the other sensor.
5. Now stand behind the arm, out of the range of the sensors.
6. Start the arm by ensuring the stop button is on the phone screen and pressing the touch
sensor connected to the control hub.
7. When the arm is running, press down on the arm, being careful to avoid being detected
by the proximity sensors. The arm should shut down. If it does not, see troubleshooting.

Managing the Control Hub
The Control Hub and Expansion Hub are field upgradable devices. When new software is
released with new features, bug fixes, and season specific changes users can update the device
themselves. Checking for software updates at the start of September and then about every 6-8
weeks is recommended. To check for software updates, you can use the REV Hardware Client or
check the Managing the Control System section of the documentation.
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Troubleshooting
1. If the arm doesn’t power on
a. Check that the batteries are charged
1. If batteries don’t have a charge of 12.3 Volts or greater, review the
charging batteries section above
b. Check that the options on the phone aren’t greyed out
1. If options are greyed out, look at step 2
2. If options are greyed out, the phone is disconnected

a. Check the phone’s Wi-Fi connection and reconnect it if needed
b. Check the connection between the driver station and the control hub
3. If the arm doesn’t create the girl scout hand sign
a. Check the servos wire connection
1. A 3-wire black-black-white or black-red-white cable is unplugged
4. If the arm continues to swing up after a full movement rotation, the encoder wire is
unplugged somewhere
a. Check the encoder wire
1. A 4-wire black-red-white-blue cable connected to the motor
5. If the arm powers on when there is an obstacle within 2 meters of the robotic arm
a. Check the connection of the 4-wire black-red-white-blue cables connected to 2M
Distance Sensor
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Appendix A.6 Final Code
package org.firstinspires.ftc.teamcode;
import
import
import
import
import
import
import
import
import
import

com.qualcomm.robotcore.eventloop.opmode.Autonomous;
com.qualcomm.robotcore.eventloop.opmode.LinearOpMode;
com.qualcomm.robotcore.hardware.DcMotor;
com.qualcomm.robotcore.hardware.DcMotorController;
com.qualcomm.robotcore.hardware.DcMotorEx;
com.qualcomm.robotcore.hardware.DigitalChannel;
com.qualcomm.robotcore.hardware.DistanceSensor;
com.qualcomm.robotcore.hardware.Servo;
com.qualcomm.robotcore.util.ElapsedTime;
com.qualcomm.robotcore.hardware.TouchSensor;

import org.firstinspires.ftc.robotcore.external.navigation.CurrentUnit;
import org.firstinspires.ftc.robotcore.external.navigation.DistanceUnit;
/**
* Written by Chris Suzuki
* This file will drive the entire Interactive Lego Girl Scout Robot Arm
*
* The code REQUIRES that you DO have encoders on the motors that are 28 tick
* and gear boxes attached as follows l_arm:3,4,5 u_arm:4,5,5 s_arm:4,5,5
*
*
The motors, servos, sensors should be configured as the following
*
Motors
*
Port 0 l_arm
*The Lower Arm of the Robot Arm
*
Port 1 u_arm
*The Upper Arm of the Robot Arm
*
Port 2 s_arm
*The Shoulder of the Robot Arm
*
*
Servos
*
Port 0 hand
*Servo that controls the thumb and pinky movement
*
*
Sensors(digital)
*
Port 0 touch
*
Port 2 headin
*
Port 4 headout
*
*
Sensors(I2C)
*
Port 0 range1
*
Port 1 range2
*
* Use Android Studios to Copy this Class, and Paste it into your team's code folder with
a new name.
* Remove or comment out the @Disabled line to add this opmode to the Driver Station
OpMode list
*/
@Autonomous(name="GS Arm")
//@Disabled
public class GS_arm extends LinearOpMode {
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//Values that converts encoder ticks to degrees
static final double COUNTS_PER_MOTOR_REV = 28;
// eg: TETRIX Motor Encoder
static final double DRIVE_GEAR_REDUCTION = 100.0;
// This is < 1.0 if geared UP
static final double COUNTS_PER_DEGREE = (COUNTS_PER_MOTOR_REV * DRIVE_GEAR_REDUCTION)
/ (360);
// names the Motors, Servos, Sensors, and Pins
DcMotor l_arm = null;
DcMotor u_arm = null;
DcMotor s_arm = null;
Servo hand = null;
TouchSensor touch;
DistanceSensor sensorRange1;
DistanceSensor sensorRange2;
DigitalChannel headin;
DigitalChannel headout;
@Override
public void runOpMode() { //Main Code

// Initialize and Reset the Encoders.
telemetry.addData("Status", "Resetting Encoders");
telemetry.update();
// Mapping the hardware component names to the name used in the code
l_arm = hardwareMap.dcMotor.get("l_arm");
u_arm = hardwareMap.dcMotor.get("u_arm");
s_arm = hardwareMap.dcMotor.get("s_arm");
hand = hardwareMap.servo.get("hand");
touch = hardwareMap.touchSensor.get("touch");
headin = hardwareMap.digitalChannel.get("headin");
headout = hardwareMap.digitalChannel.get("headout");
// Setting the mode on each hardware device
// Motors
l_arm.setMode(DcMotor.RunMode.STOP_AND_RESET_ENCODER);
u_arm.setMode(DcMotor.RunMode.STOP_AND_RESET_ENCODER);
s_arm.setMode(DcMotor.RunMode.STOP_AND_RESET_ENCODER);
l_arm.setMode(DcMotor.RunMode.RUN_USING_ENCODER);
u_arm.setMode(DcMotor.RunMode.RUN_USING_ENCODER);
s_arm.setMode(DcMotor.RunMode.RUN_USING_ENCODER);
// Digital Pins
headin.setMode(DigitalChannel.Mode.INPUT);
headout.setMode(DigitalChannel.Mode.OUTPUT);
// Initializing the variables used to define the target location of each arm
system
int newl_armTarget;
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int newu_armTarget;
int news_armTarget;
// Defining the Motors again using DcMotorEx for more data and control over
DcMotors
DcMotorEx l_arm1 = hardwareMap.get(DcMotorEx.class, "l_arm");
DcMotorEx u_arm1 = hardwareMap.get(DcMotorEx.class, "u_arm");
DcMotorEx s_arm1 = hardwareMap.get(DcMotorEx.class, "s_arm");
// Defining the REV 2M Distance Sensors
sensorRange1 = hardwareMap.get(DistanceSensor.class, "range1");
sensorRange2 = hardwareMap.get(DistanceSensor.class, "range2");
// Setting Safety limits on Motors
/* l_arm > 3.5 AMPS
u_arm > 7.5 AMPS
s_arm
l_arm1.setCurrentAlert(3.5, CurrentUnit.AMPS);
u_arm1.setCurrentAlert(7.5, CurrentUnit.AMPS);
s_arm1.setCurrentAlert(5.5, CurrentUnit.AMPS);

> 5.5 */

//Setting Servo to 0 position
hand.setPosition(0.5);
// Wait for App Init
waitForStart();
// Setting Motor speed/power to 60%
double speed = 0.6;
headout.setState(false); // Set Output Pin Low
//While the code is running
while (opModeIsActive()) {
// Prints the initial Obstruction condition of the robot arm.
if (sensorRange1.getDistance(DistanceUnit.CM) > 50 &&
sensorRange2.getDistance(DistanceUnit.CM) > 50) {
telemetry.addData("Clear to RUN", 0);
}
if (sensorRange1.getDistance(DistanceUnit.CM) < 50) {
telemetry.addData("Obstruction Detected on the Side", 1);
}
if (sensorRange2.getDistance(DistanceUnit.CM) < 50) {
telemetry.addData("Obstruction Detected on the Front", 1);
}
telemetry.update();

//Reset Arm Position
newl_armTarget = 0;
l_arm.setTargetPosition(newl_armTarget);
l_arm.setMode(DcMotor.RunMode.RUN_TO_POSITION);
l_arm.setPower(Math.abs(speed));
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newu_armTarget = 0;
u_arm.setTargetPosition(newu_armTarget);
u_arm.setMode(DcMotor.RunMode.RUN_TO_POSITION);
u_arm.setPower(Math.abs(speed));
s_arm.setPower(0);
//when the touch sensor is pushed or Input pin high when no obstacles closer
than 50cm
if (touch.isPressed() == true && sensorRange1.getDistance(DistanceUnit.CM) >
50 && sensorRange2.getDistance(DistanceUnit.CM) > 50 || headin.getState()==false &&
sensorRange1.getDistance(DistanceUnit.CM) > 50 &&
sensorRange2.getDistance(DistanceUnit.CM) > 50 ) {

//The lower arm holds its position during the first phase
newl_armTarget = l_arm.getCurrentPosition();
l_arm.setTargetPosition(newl_armTarget);
l_arm.setMode(DcMotor.RunMode.RUN_TO_POSITION);
l_arm.setPower(Math.abs(speed));
//First Phase the upper arm swings out 90 degrees
newu_armTarget = u_arm.getCurrentPosition() + (int) (-90 *
COUNTS_PER_DEGREE);
u_arm.setTargetPosition(newu_armTarget);
u_arm.setMode(DcMotor.RunMode.RUN_TO_POSITION);
u_arm.setPower(Math.abs(speed));
// Saftey System for Phase one
while (u_arm.isBusy() && opModeIsActive()) {
if (u_arm1.isOverCurrent() == true ||
sensorRange1.getDistance(DistanceUnit.CM) < 50 ||
sensorRange2.getDistance(DistanceUnit.CM) < 50 ) {
u_arm1.setMotorDisable();
headout.setState(true);
sleep(1000);
requestOpModeStop();
}
}
//The lower arm holds its position during the first phase
newl_armTarget = l_arm.getCurrentPosition();
l_arm.setTargetPosition(newl_armTarget);
l_arm.setMode(DcMotor.RunMode.RUN_TO_POSITION);
l_arm.setPower(Math.abs(speed));
//wait 1 sec
sleep(1000);
//Second Phase bends the lower arm from the elbow downwards 90 degree
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newl_armTarget = l_arm.getCurrentPosition() + (int) ((90*3/5)
*COUNTS_PER_DEGREE);
l_arm.setTargetPosition(newl_armTarget);
l_arm.setMode(DcMotor.RunMode.RUN_TO_POSITION);
l_arm.setPower(Math.abs(speed));
// Saftey System for Phase two
while (l_arm.isBusy() && opModeIsActive()) {
if (l_arm1.isOverCurrent() == true ||
sensorRange1.getDistance(DistanceUnit.CM) < 50 ||
sensorRange2.getDistance(DistanceUnit.CM) < 50) {
l_arm1.setMotorDisable();
headout.setState(true);
sleep(1000);
requestOpModeStop();
}
}
//wait 1 sec
sleep(1000);
// hold this new position for lower arm
newl_armTarget = l_arm.getCurrentPosition();
l_arm.setTargetPosition(newl_armTarget);
l_arm.setMode(DcMotor.RunMode.RUN_TO_POSITION);
l_arm.setPower(Math.abs(speed));
// hold this new position for upper arm
newu_armTarget = u_arm.getCurrentPosition();
u_arm.setTargetPosition(newu_armTarget);
u_arm.setMode(DcMotor.RunMode.RUN_TO_POSITION);
u_arm.setPower(Math.abs(speed));
//Third Phase rotates the shoulder 180 degrees
news_armTarget = s_arm.getCurrentPosition() + (int) (180 *
COUNTS_PER_DEGREE);
s_arm.setTargetPosition(news_armTarget);
s_arm.setMode(DcMotor.RunMode.RUN_TO_POSITION);
s_arm.setPower(Math.abs(0.15));
// Saftey System for Phase three
while (s_arm.isBusy() && opModeIsActive()) {
if (s_arm1.isOverCurrent() == true ||
sensorRange2.getDistance(DistanceUnit.CM) < 50) {
s_arm1.setMotorDisable();
headout.setState(true);
sleep(1000);
requestOpModeStop();
}
}
// pushes the upper arm an extra 30 degrees
newu_armTarget = u_arm.getCurrentPosition() + (int) (30 *
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COUNTS_PER_DEGREE);
u_arm.setTargetPosition(newu_armTarget);
u_arm.setMode(DcMotor.RunMode.RUN_TO_POSITION);
u_arm.setPower(Math.abs(0.2));
// Saftey System for the extra push
while (u_arm.isBusy() && opModeIsActive()) {
if (u_arm1.isOverCurrent() == true ||
sensorRange2.getDistance(DistanceUnit.CM) < 50) {
u_arm1.setMotorDisable();
headout.setState(true);
sleep(1000);
requestOpModeStop();
}
}
//wait 1 sec
sleep(1000);
// makes GS hand sign
hand.setPosition(1.0);
// hold position for 5 sec
sleep(5000);
// resets hand
hand.setPosition(0.5);
//Undoes Third Phase
news_armTarget = s_arm.getCurrentPosition() + (int) (-180 *
COUNTS_PER_DEGREE);
s_arm.setTargetPosition(news_armTarget);
s_arm.setMode(DcMotor.RunMode.RUN_TO_POSITION);
s_arm.setPower(Math.abs(0.15));
// Saftey System for Phase three
while (s_arm.isBusy() && opModeIsActive()) {
if (s_arm1.isOverCurrent() == true ||
sensorRange1.getDistance(DistanceUnit.CM) < 50) {
s_arm1.setMotorDisable();
headout.setState(true);
sleep(1000);
requestOpModeStop();
}
}
//wait 1 sec
sleep(1000);
//Undoes Phase two
newu_armTarget = u_arm.getCurrentPosition();

xxv

u_arm.setTargetPosition(newu_armTarget);
u_arm.setMode(DcMotor.RunMode.RUN_TO_POSITION);
u_arm.setPower(Math.abs(speed));
newl_armTarget = l_arm.getCurrentPosition() + (int) ((-90*3/5)*
COUNTS_PER_DEGREE);
l_arm.setTargetPosition(newl_armTarget);
l_arm.setMode(DcMotor.RunMode.RUN_TO_POSITION);
l_arm.setPower(Math.abs(speed));
// Saftey System for Phase two
while (l_arm.isBusy() && opModeIsActive()) {
if (l_arm1.isOverCurrent() == true ||
sensorRange1.getDistance(DistanceUnit.CM) < 50 ||
sensorRange2.getDistance(DistanceUnit.CM) < 50) {
l_arm1.setMotorDisable();
headout.setState(true);
sleep(1000);
requestOpModeStop();
}
}
//wait 1 sec
sleep(1000);
// Undoes Phase one
newl_armTarget = l_arm.getCurrentPosition();
l_arm.setTargetPosition(newl_armTarget);
l_arm.setMode(DcMotor.RunMode.RUN_TO_POSITION);
l_arm.setPower(Math.abs(speed));
newu_armTarget = u_arm.getCurrentPosition() + (int) (90 *
COUNTS_PER_DEGREE);
u_arm.setTargetPosition(newu_armTarget);
u_arm.setMode(DcMotor.RunMode.RUN_TO_POSITION);
u_arm.setPower(Math.abs(0.3));
// Saftey System for Phase one
u_arm1.setCurrentAlert(8, CurrentUnit.AMPS);
while (u_arm.isBusy() && opModeIsActive()) {
if (u_arm1.isOverCurrent() == true ||
sensorRange1.getDistance(DistanceUnit.CM) < 50 ||
sensorRange2.getDistance(DistanceUnit.CM) < 50) {
u_arm1.setMotorDisable();
headout.setState(true);
sleep(1000);
requestOpModeStop();
}
}
sleep(1000);

// optional pause after each move////

}
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}
}
}
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Safety Hazards
PPE Requirements
There is no PPE required to assemble and operate our system.
Hazards
• Choking hazard
o Do not swallow any small component parts.
• Pinch point hazard
o Keep all persons and objects clear while any part of the arm is in motion.
• Sharp edges hazard
o Watch your fingers and make sure to avoid contact with anything sharp.
• Instability hazard
o Make sure to ask an adult to check stability of arm after assembled.
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General Instructions:
Maintenance and Repair
Refer to the assembly list for detailed guidelines. If any components become subject to wear,
replace the item as listed in the parts list or refer to the YouTube videos for 3D printing
instructions of the hand.
Tips
Tighten screws until you feel a slight resistance.
Ultra 90 Degree Gearbox – Testing Direction:
Before you begin assembling, you need to test which direction to place each Ultra 90 Degree
Gearbox. You will need the following tools:

1. Place the Ultra 90 Degree Gearbox with one hex hole facing towards you, another
towards the table, and another facing away from the table
2. Place the shaft into the hole that is facing towards you
3. Turn the shaft clockwise
a. As you turn the shaft, if the hex shaft facing away from the table is spinning
counterclockwise, place a piece of blue tape on the left-hand face of the gearbox
a. As you turn the shaft, if the hex shaft facing away from the table is spinning
clockwise, place a piece of blue tape on the right-hand face of the gearbox
Hand System:
1. For the hand system, the fingertip, the “+” hole finger link, the “o” hole finger link, and
the palm will need to be 3D printed. In the folder mentioned below, you will need five
Finger_Tip, three Finger_link2, two Finger_links, and one Palm. The 3D model files can
be found in the google drive at the following link:
https://drive.google.com/drive/folders/1vCk2ziRSXU7lwJJA2rl4InTIurvqgfLM?usp
=sharing
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Motor Kits

33

Lower Arm Motor
1. Take the UltraPlanetary Mounting Plate and press it against the motor with pinion.

2. Take the two M3 x 8mm Button head screws and insert them into the mounting plate.
Using the 2mm L-key tighten the mounting plate to the motor.

3. Take the 5:1 Cartridge and place it onto the input pinon.
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4. Repeat the above step with the 4:1 Cartridge and place it onto the output of the 5:1
cartridge.
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5. Repeat the above step with the 3:1 Cartridge and place it onto the output of the 4:1
cartridge.

6. Take the Output Cartridge and place it onto the output of the 3:1 Cartridge.
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7. Take 6 of the M3 x 40mm screws and insert them into the outer recessed ring of the
UltraPlanetary Gearbox. Tighten the screws using the 2.5 mm WERA Hex-Plus L-Key.

8. UltraPlanetary Gearbox assembly is complete and ready for mounting and shaft selection.
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9. Insert one end of the 2-pin motor cable (Black & Red) into the base of the motor using the
image below to ensure the correct orientation. Insert one end of the 4-pin sensor cable
(Blue, White, Red, Black) into the base of the motor using the image below to ensure
correct orientation.

10. Add blue tape to the motor.
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Upper Arm and Shoulder Motor
1. Take the UltraPlanetary Mounting Plate and press it against the motor with pinion.

2. Take the two M3 x 8mm Button head screws and insert them into the mounting plate.
Using the 2mm L-key tighten the mounting plate to the motor.

3. Take the 5:1 Cartridge and place it onto the input pinon.
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4. Repeat the above step with another 5:1 Cartridge and place it onto the output of the 5:1
cartridge.

40

5. Repeat the above step with the 4:1 Cartridge and place it onto the output of the 5:1
cartridge.

6. Take the Output Cartridge and place it onto the output of the 4:1 Cartridge.
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7. Take 6 of the M3 x 40mm screws and insert them into the outer recessed ring of the
UltraPlanetary Gearbox. Tighten the screws using the 2.5 mm WERA Hex-Plus L-Key.

8. UltraPlanetary Gearbox assembly is complete and ready for mounting and shaft selection.

9. Insert one end of the 2-pin motor cable (Black & Red) into the base of the motor using the
image below to ensure the correct orientation. Insert one end of the 4-pin sensor cable
42

(Blue, White, Red, Black) into the base of the motor using the image below to ensure
correct orientation.

10. Repeat steps 1-9.
90 Degree Gearbox
1. For the blue taped lower arm motor kit and one motor kit with gearboxes 5:1., 5:1, 4:1,
follow these steps.
2. Insert a 20mm long hex shaft into the output of the gearbox.

43

3. Place the Face Mount Spacer on the output of the gearbox as shown.

4. Rotate the hex shaft output so that it lines up with the hex input on the Ultra 90 Degree
Gearbox.
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5. Slide the two gearboxes together. Rotate the Ultra 90 Degree Gearbox until the spacer and
gearbox body line up.

6. Insert the 4 mounting screws in the holes on the end of the Ultra 90 Degree Gearbox. Ensure
that they line up with the holes in the spacer and the gearbox.
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7. Tighten the 4 mounting screws hand-tight using the 2.5 mm WERA Hex-Plus L-Key. Then
alternate between slightly tightening screws diagonally across from each other in an X
shaped pattern.
Note: Take care not to over tighten the mounting screws

8. Repeat for the other motor kit.
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Lower Arm System
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1. Place a completed motor kit with an attached 90 Degree Gearbox on the table. The motor
kit should have gearbox 5:1, 4:1, and 3:1 and blue tape.
2. Place the 44 mm x 15 mm C Channel - 248 mm on top of the 90 Degree Gearbox.

3:1
4:1
5:1

3. Place a M3 x 8 mm HEX Cap Screw through the C Channel into each of the four holes of
the 90 Degree Gearbox. Using the 5.5 mm Nut Driver, fasten all four screws.
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4. Flip the system so that the C Channel attached to the gear box is lying on the table.
5. Repeat step 2 for the side facing up.
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Upper Arm System
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A.
1. Place the 90 Degree Gearbox and motor on the table. This motor kit should have
gearboxes 5:1, 5:1, and 4:1.
2. Place the 44 mm x 15 mm C Channel – 248 mm on top of the 90 Degree Gearbox

4:1
5:1
5:1

3. Insert the M3 x 8 mm HEX Cap Screws through the C Channel into each of the four
holes of the 90 Degree Gearbox
a. Using the 5.5 mm Nut Driver, fasten all four screws.
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4. Place a 45 mm Flat Plate – 24 mm on the opposite end of the C Channel. Align the holes
as shown below.
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5. Place a 45 mm Flat Plate – 88 mm on top of the 45 mm Flat Plate.

6. Using four M3 x 16 mm HEX cap screws and four M3 nuts, attach the nuts to the screws
as much as possible. Then hold the nut in place with your finger and tighten the head of
the screw using the 5.5 mm Nut Driver.
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7. Place a Locking Motion Hub on the end of the 45 mm Flat Plate – 88 mm, and secure the
Locking Motion Hub using two M3 x 8 HEX CAP Screws
54

a. Using the 5.5 mm Nut Driver, fasten both the screws

8. Secure the hex shaft into the locking hub using a set screw, with the end of the axle
flush* with the outermost surface of the locking hub
55

*Completely level or even with another surface
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9. For the next step, verify that the taped sides on the gearboxes are facing the same
direction
10. Place the lower arm with the gear box through the axle

11. Set aside
B.
12. Place the 44 mm x 15 mm C Channel – 248 mm on the table
13. Place a 45 mm Flat Plate – 24 mm on the end of the C Channel

14. Place a 45 mm Flat Plate – 88 mm on top of the 45 mm Flat Plate – 24 mm
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15. Place four M3 x 16 mm HEX Cap Screw through both Flat plates and C Channel

16. Carefully flip system to secure each screw with M3 Nuts
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a. Attach the nuts to the screws as much as possible. Then hold the nut in place with
your finger and tighten the head of the screw using the 5.5 mm Nut Driver.

17. Place a Locking Motion Hub on the end of the 45 mm Flat Plate – 88 mm.

18. Secure the Locking Motion Hub using two M3 x 8 HEX CAP Screws.
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a. Tighten the head of the screw using the 5.5 mm Nut Driver.

19. Place one distance sensor in the area shown below.
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20. Place two M3 x 16mm HEX cap screw through the distance sensor and C channel.

21. Carefully flip system to secure each screw with M3 Nuts
a. Attach the nuts to the screws as much as possible. Then hold the nut in place with
your finger and tighten the head of the screw using the 5.5 mm Nut Driver.
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22. Take the second distance sensor and place two M3 x 8mm HEX cap screws through the
holes as shown below.

23. Secure each screw with an M3 nut loosely.
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24. Slide the M3 x 8mm HEX cap screw through the groove in the C channel as shown
below.

25. Tightly secure the nuts so that the distance sensor stays in place.
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26. Place this structure on top of Upper Arm A as shown below. Secure the hex shaft into the
locking hub using a set screw, with the end of the axle flush with non-protruding side of
the locking hub.

a. Tighten the set screw using the 1.5 mm WERA Hex-Plus L-Key.
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27. Place the 44 mm x 15 mm C Channel – 248 mm of the structure on top of the 90 Degree
Gearbox and insert the M3 x 8 mm HEX Cap Screws through the C Channel into each of
the four holes of the 90 Degree Gearbox.
a. Tighten the head of the four screws using the 5.5 mm Nut Driver.
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Shoulder System
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A.
1. Place the 44 mm x 15 mm C Channel – 88 mm on the table
2. Place a 45 mm Flat Plate – 24 mm on the end of the C Channel

3. Place a 45 mm Flat Plate – 88 mm on top of the 45 mm Flat Plate – 24 mm
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4. Place four M3 x 16 mm HEX Cap Screw through both Flat plates and C Channel

5. Carefully flip system to secure each screw with M3 Nuts
a. Attach the nuts to the screws as much as possible. Then hold the nut in place with
your finger and tighten the head of the screw using the 5.5 mm Nut Driver.
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6. Place a Locking Motion Hub on the end of the 45 mm Flat Plate – 88 mm.

7. Secure the Locking Motion Hub using two M3 x 8 HEX CAP Screws.
a. Tighten the screws using a 5.5 mm Nut Driver
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8. Secure the hex shaft into the locking hub using a set screw, with the end of the axle flush
with non-protruding side of the locking hub
a. Tighten the set screw using the 1.5 mm WERA Hex-Plus L-Key.
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9. Place the upper arm with the gear box through the axle

10. Set aside
B.
11. Place the 44 mm x 15 mm C Channel – 88 mm on the table
12. Place a 45 mm Flat Plate – 24 mm on the end of the C Channel
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13. Place a 45 mm Flat Plate – 88 mm on top of the 45 mm Flat Plate – 24 mm

14. Place four M3 x 16 mm HEX Cap Screw through both Flat plates and C Channel
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15. Carefully flip system to secure each screw with M3 Nut.
a. Attach the nuts to the screws as much as possible. Then hold the nut in place with
your finger and tighten the head of the screw using the 5.5 mm Nut Driver.

16. Place a Locking Motion Hub on the end of the 45 mm Flat Plate – 88 mm.
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17. Secure the Locking Motion Hub using two M3 x 8 HEX CAP Screws.
a. Tighten the head of both screws using the 5.5 mm Nut Driver.

18. Place this structure on top of Shoulder A as shown below. Secure the hex shaft into the
locking hub using a set screw, with the end of the axle flush with non-protruding side of
the locking hub.
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a. Tighten the set screw using the 1.5 mm WERA Hex-Plus L-Key.

19. Set aside
C.
20. Insert the hex shaft into the output of the motor kit with gear boxes 5:1, 5:1, 4:1.

75

21. Lock the hex shaft in place by inserting the M3 x10mm Set Screw into the output of the
motor as shown below. Lock the hex shaft in place by tightening the set screw using the
1.5mm L-Key.

22. Place the motor kit in the angle bracket and insert five M3x8mm into the holes in the
angle bracket. Make sure that the motor kit holes line up with the angle bracket holes.
a. Tighten the screws using a 5.5 mm Nut Driver
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23. Attach the locking motion hub to the U-channel end cap using two M3 x 8mm Hex Cap
screws as shown below.
a. Tighten the screws using a 5.5 mm Nut Driver
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24. Slide the locking motion hub and U-channel end cap onto the hex shaft until the flat part
of the locking motion hub is touching the output of the motor.

25. Using two M3 x 16mm Hex Cap Screws connect the locking motion hub to the output of
the motor as shown below.
a. Tighten the screws using a 5.5 mm Nut Driver
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26. Secure the locking motion hub to the hex shaft using a set screw and tighten using the
1.5mm L-key.

27. Connect the U channel end cap to both C-channels using two M3 x 8mm cap screws on
both sides.
a. Tighten the screws using a 5.5 mm Nut Driver
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28. Collect two M3 x 8mm cap screws, two M3 x 16mm cap screw, two Everbilt 1/8in x 1in
washers, two small M3 washers, four M3 nuts, and two Everbilt 2-1/2in utility hinges.
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29. Place the items in order starting from the bottom and secure using a screw and nut as
shown in image below.
a. Place around the four corners holes at the bottom of the motor mount
b. Use longer screws and smaller washer for the two holes closest to the arm
i. Use the shorter screw and bigger washer for the two holes closest to motor
wires of the motor attached to the motor mount
c. M3 Screw Cap, Washer, Hinge, Motor mount, nut
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30. Lastly secure both hinges to each side of the very edge of the 2x4 wood plank that is
designated at the right arm of the girl scout using the screws provided in the hinge kit as
shown in the image below.
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Right-Hand System
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2. Align a fingertip and finger link so that each “1” is facing in the same direction.

3. Connect a fingertip to a “+” hole finger link by pushing a 2M LEGO cross axle through
the angled “+” hole

4. Repeat three times. These are the three middle fingers of the hand
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5. Connect these 3 fingers to the palm using a 6M LEGO axle. The rounded edge is the
inside palm. Ensure that the back of the hand has “1” shown on the palm and on the
fingers.

6. Cut a 6in piece of elastic string
86

7. Thread this through the fingertip as shown below

8. Thread the string through the circular hole finger link as shown below, and connect the
fingertip to the circular hole finger link using a 2M LEGO cross axle. Use the image
below to ensure proper orientation

1
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9. Tie a knot at the end of the string nearest to the fingertip and tug on the string end closest
to the link to ensure the string does not slip through the holes
10. Repeat steps 4-8 for the remaining finger
11. Connect one of the fingers to the palm where the pinky should be using a 2M LEGO
cross axle
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12. Connect the other finger where the thumb should be using a 4M LEGO cross axle

13. Thread the elastic strings for both fingers through the back of the palm as shown below

14. Pull on the elastic string until taught and tie off the end as close as possible to the hole
and cut off the extra length of string
15. Cut two, 10in lengths of the regular string
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16. Using the images below, carefully thread the string through the pinky and thumb
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Note: Do not tie off the end of the thin string that goes through the palm. This will attach to
another part later
17. Connect a U channel end cap the hand using two M3 hex cap screws and two nuts. To
tighten the U channel to the hand, hold the nuts still using the slots at the base of the palm
and tighten the screws using the 5.5 mm Nut Driver. Use the image below to ensure
correct orientation.
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18. For the next step, verify that the thumb is facing the same direction as the taped sides on
the gearboxes
19. Connect the U channel end cap to the lower arm using four M3 Hex cap screws as shown
below.
a. Tighten the screws using a 5.5 mm Nut Driver
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Servo Motor Assembly
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1. Connect the largest “blade” to the servo motor using a Phillips head screwdriver
Note: Blade is not attached in the images of this section but should be attached when
building
2. Attach the servo motor to the servo motor bracket using two M3 Hex cap screws and two
Hex Nuts as shown below
a. Attach the nuts to the screws as much as possible. Then hold the nut in place with
your finger and tighten the head of the screw using the 5.5 mm Nut Driver.
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3. Connect the bracket to the back of the lower arm by inserting one M3 Hex cap screw
through the c channel and end cap as shown below.
a. Tighten the screw using a 5.5 mm Nut Driver

4. Then, using one M3 Hex cap screw and one nut connect the other end of the servo
bracket to the arm using the image below to ensure correct alignment.
a. Attach the nut to the screw as much as possible. Then hold the nut in place with
your finger and tighten the head of the screw using the 5.5 mm Nut Driver.

96

5. Tie a knot around the servo blade using the string that is attached to the thumb and pinky
of the hand.
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Wiring
1. Check the power switch to ensure the circle side is pushed down

2. Plug the male side of the slim battery pack to the female side of the switch
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3. Attached the power extension cord to the other side of the switch and plug it into the
female port on the REV Control Hub found on the top left side of the Hub
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4. Grab the shoulder motor 4 wire encoder wire and plug into the left side of the hub in the
4 wire port 2
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5. Grab the shoulder motor 2 wire power cord and plug into the left of the hub in the 2 wire
port 2

6. Grab the upper arm motor 4 wire encoder wire and attach a JST PH 4PIN Joiner Board
and attach a 4 wire extension cord to the other side of the joiner board
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7. Plug this wire into the left side of the Control Hub into the four-wire port 1
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8. Grab the upper arm motor two-wire power cord and attach the JST VH 2Pin joiner board
and attach a two-wire power cord extension to the other side of the joiner board
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9. Plug this wire into the left side of the Control Hub into the two-wire port 1

10. Path the wires so they exit the side of the arm that has the pinky of the hand
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11. Attach the same extension cords for the lower arm wires as in steps 6, 8 except attach an
extra extension to encoder 4 wire and plug into port 0
12. Plug a servo extension wire and attach a white clip to secure the extension. Ensure the
white wire is plugged into the white wire in the extension. Extend the wire twice.

13. Plug into the bottom port on the control hub in servo port 0 with the black wire on the left
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Hardware Wireless Pairing Guide Instructions:
1. Setup your Moto G or Driver Hub
2. Follow the instructions at https://docs.revrobotics.com/rev-control-system/control-hub-gs
to pair the Control Hub with the Moto G or Driver Hub and follow the steps until the
Wiring Diagram Tab

Software Installation Instructions:
1. Open the video at https://youtu.be/QxKAJNWYFEg and follow the tutorial on how to
install the code
a. Android Studios: https://developer.android.com/studio
b. Github: https://github.com/chrisuzuki62/Lego_GS_Arm
c. Total Walkthrough tutorial: https://github.com/ftctechnh/ftc_app/wiki/AndroidStudio-Tutorial
3. Follow the video at https://youtu.be/08yj6LKDhi0 to configure the robot
4. First run the code Precheck and follow the video instructions at
https://youtu.be/LBrUxebjKL0
5. Once the Precheck is conducted tie off the string from the hand at end of the servo blade
as should in the video at step 4.
6. Second you are ready to the run the final program code called GS_arm as shown in the
video in step 4.
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Parts List
Qty

Descriptive Part Name

Lvl0 Lvl1 Lvl2 Lvl3 Lvl4
Robot Arm Assembly
Arm Assembly
Overall Arm Assembly
45 mm x 15 mm C Channel - 238 m
45 mm x 15 mm C Channel - 88 mm
Locking Motion Hub - 2 Pack
5 mm x 75 mm Hex Shaft - 4 Pack
45 mm Flat Plate - 88 mm
45 mm Flat Plate - 24 mm
Ultra 90 Degree Gearbox
UltraPlanetary Gearbox Kit & HD Hex Motor
U Channel Endcap
UltraPlanetary Long Reach Mounting Bracket - 2 Pack
UltraPlanetary Cartridge - 5:1
UltraPlanetary Cartridge - 4:1
M3 Nut - 100 Pack
M3 x 8 mm Hex Cap Screws - 100 Pack
M3 x 16 mm Hex Cap Screws - 100 Pack
M3 Nyloc Nuts - 100 Pack
M3 x 10 mm Nylon Patch Set Screw - 10 Pack
M3-0.5 x 50 mm Internal Hex Metric Socket Headcap Screw - 2 Pack
M3-0.5 X 60 mm Black Oxide Coated Steel Class 12.9 Metric Internal Hex Socket - 10 Pack
Hand Assembly
PLA Plastic Filament
Moving Finger Link
Static Finger Link
Finger Tip
Palm
9 KM DWLIFE Kevlar Cord 50lb~1800lbs High Strength (50 lb - 200 ft)
Smart Robot Servo
Elastic String for Bracelets
2M CROSS AXLE W. GROOVE
Cross Axle 6M
Cross Axle 4M
15mm Metal Bent Servo Bracket V2 - 4 Pack
Electronics
REV Control Hub
Touch Sensor
Battery
Charger
JST PH 4-pin Joiner Board - 4 Pack
36" PWM Cable - 4 Pack
Switch Cable and Bracket
JST PH 4-pin Sensor Cable - 4 Pack 50cm
JST VH 2-pin Motor Cable - 4 Pack 100cm
JST VH 2-pin Joiner Board - 4 Pack
2m Distance Sensor
PMW Cable Clip - 10 Pack
Tools
1.5mm Hex L-key
2.0mm Hex L-key
2.5mm Hex L-key
5.5mm Nut Driver
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Part Source

1
4
2
1
2
1
1
2
1
1
3
1

---------------Rev Robotics
Rev Robotics
Rev Robotics
Rev Robotics
Rev Robotics
Rev Robotics
Rev Robotics
Rev Robotics
Rev Robotics
Rev Robotics
Rev Robotics
Rev Robotics
Rev Robotics
Rev Robotics
Rev Robotics
Rev Robotics
Rev Robotics
Home Depot
Home Depot
-----Flashforge
--------------------Amazon
Rev Robotics
Amazon
Amazon
Lego
Lego
Lego
-----Rev Robotics
Rev Robotics
Rev Robotics
Rev Robotics
Rev Robotics
Rev Robotics
Rev Robotics
Rev Robotics
Rev Robotics
Rev Robotics
Rev Robotics
Rev Robotics

2
2
2
2

Rev Robotics
Rev Robotics
Rev Robotics
Rev Robotics

4
2
2
1
4
4
2
3
2
1
2
3
1
1
1
1
1
3
2
1
2
3
5
1
1
2
1
6
1
1
1

More Info

REV-41-1767
REV-41-1772
REV-41-1719
REV-41-1347
REV-41-1791
REV-41-1793
REV-41-2080
REV-41-1600
REV-41-1687
REV-41-1625
REV-41-1603
REV-41-1602
REV-41-1126
REV-41-1359
REV-41-1360
REV-41-1361
REV-41-1712
Model #844548
Model #9180554

9KM-KL4041
REV-41-1097
ES-04
4142865/32062
370626/3706
6129995/3705
REV-41-1485
REV-31-1595
REV-31-1425
REV-31-1302
REV-31-1299
REV-31-1388
REV-11-1130
REV-31-1387
REV-31-1408
REV-31-1526
REV-31-1429
REV-31-1505
REV-11-1229
REV-62-1867
REV-62-1868
REV-62-1869
REV-41-1119

